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ABSTRACT
STUDY OF MOISTURE AND WATER EFFECTS IN LOW TEMPERATURE
CRYSTALLIZATION OF PEROVSKITE FILMS FOR EFFICIENT SOLAR CELLS
ASHISH DUBEY
2016
Organic-inorganic perovskite solar cells have become a promising alternative to
fossil fuel based energy sources due to their unique properties such as tunable low
bandgap, long charge diffusion length, low exciton binding energy and balanced charge
transport. The semiconducting perovskite films are typically prepared from low
temperature solution processing and the corresponding solar cells have exhibited power
conversion efficiency (PCE) of more than 20%. However, perovskite solar cells suffer
from poor stability in presence of moisture and use of toxic element (Pb). Understanding
the crystallization process and the effects of moisture and water is important to obtain
high quality perovskite films and highly efficient device performance. Room temperature
ambient air crystallization of perovskite is important for making the overall processing
simple and cost effective.
The goal of this dissertation was to study the room temperature processing of
perovskite films in ambient air at 40% relative humidity and to understand the effects of
water as co-precursor solvent in improving the perovskite film quality. Role of moisture
was studied by keeping the films in ambient air at room temperature and the perovskite
crystallization was studied by monitoring the conversion of intermediate phase to pure
perovskite phase. Crystallization process was correlated with morphological changes in
perovskite films and fabrication conditions were optimized to achieve large grain size for

xv

higher device efficiency. Slowing down the crystallization of perovskite films was also
studied with an aim to further improve film quality and device performance. Finally, the
effects of water as co-solvent in improving film morphology was studied and correlated
with device performance. Room temperature crystallized perovskite devices gave the
highest efficiency of 16.83%. Slow grown perovskite films led to an improvement in fill
factor, open circuit voltage and reduced hysteresis in the devices. Use of water as cosolvent improved the film morphology, but adding up to 25 vol. % water in the precursor
solution does not significantly affect the power conversion efficiency. Future work on
understanding the crystallization process under varying humidity levels and the role of
water may open new insights on the crystallization process of perovskite films.
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Chapter 1: Introduction

1.1

Background
With growing population, there is an increasing energy demand for mankind to

support the standard of living, industrial growth and transportation. Fossil fuels such as
coal, oil and natural gas are currently the major contributors for world energy supply.
However, fossil fuels have disadvantages including limited availability, fast depletion and
environmental issues such as air or water pollution [1]. Therefore, there is an urgent need
for low cost, clean and renewable energy resources. Significant efforts have been made to
develop new technologies for efficient conversion of solar, wind or hydro energy into
electricity [2, 3]. Among these technologies, photovoltaics that directly convert sunlight
into electricity have drawn extensive attention. The energy from the sun that illuminates
the earth is 3×1024 J a year, which is ~ 10,000 times more than the current global energy
consumption. Use of only 0.1% of the earth’s surface with 10% efficiency solar cells can
offer sufficient energy for the entire globe [4, 5]. However, despite such huge potential,
the current electricity production from photovoltaics is < 0.1% of the world’s total energy
generation [6].
Traditional photovoltaic (PV) cells employ various semiconducting materials
including single-crystal, polycrystalline, and amorphous silicon (a-Si), cadmium telluride,
and copper indium gallium selenide/sulphide (CIGS/CIGSe). The first PV cell was built
and demonstrated in 1954 at bell laboratories, which was indeed a p-n junction made
from Si. After their invention, the high cost of Si solar cells, kept them far from daily life
applications, with main exploitation in space technology. However, after more than 60
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years of development, new processing and technologies have emerged and led to simple
and large scale solar cell manufacturing with significantly reduced cost. Si solar cells
have become a dominant technology in the field of PVs with energy efficiency of 15 – 30
% based on the type of Si used. However, Si solar cell cost is still higher than fossil fuel
(e.g., coal, oil and natural gas) energy. Thus new materials with excellent PV properties
for further reduction in cost are strongly needed. Some relief has been provided by
emerging materials like cadmium telluride (CdTe) [7-9], copper indium gallium selenide
(CIGS) [10, 11], conjugated organic semiconductors (polymers and small molecules) [1216], organic dyes[17-19], copper zinc tin sulphide (CZTS) [20-24], and perovskite
(organic metal halides) thin films [25-28] with reported efficiencies higher than 10%.
These materials and related technologies have undergone a significant growth over a
period of time (Figure 1.1) leading to commensurable improvement in device efficiency.
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Figure 1.1 Progress in solar cell research efficiency reported over last four decades
(Source: National Renewable Energy Laboratory, 2016)
Single crystalline silicon solar cells are categorized as the first generation solar
cells which were dominant for many decades since 1950s. The second generation solar
cells were thin film solar cells which were made from advent of new materials such as
CIGS, CdTe and are available in the market. CIGS and CdTe consist of rare-earth
materials including indium, gallium and toxic materials like cadmium (Cd), making them
costly and environmentally unfavorable. The third generation emerging solar cells
include semiconducting conjugated organic materials (polymers, small molecules, dyes,
etc.), CZTS and perovskite thin films which are still under continuous research to further
improve performance and stability, and thus have not witnessed any wider commercial
applications till yet. In last few decades, rapid progress in development of silicon based
solar cells and thin film PV based on copper indium gallium selenide (CIGS), copper zinc
tin sulfide (CZTS), cadmium telluride (CdTe) has been observed to an extent of
commercial application. However, the emerging PV technologies based on inorganic
semiconducting quantum dots, low band gap organic polymers, organic small molecules,
organic semiconducting dyes and organic-inorganic hybrid perovskites have shown
tremendous potential for low cost efficient solar cell. There has been a continuous rise in
all the emerging PV cell power conversion efficiencies (PCE) as all these solar cells have
showed PCE > 10%, with a low cost fabrication. Among the emerging solar cells, the
organic-inorganic hybrid perovskite is the newest entry, and have shown tremendous
potential in a short span of time to be one of the few solar cell technologies which can
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compete with already established silicon based solar cell and thin film solar cell in terms
of PCE and cost.
Perovskite is an organic-inorganic hybrid with a basic formula ABX3. Here A
sand B are cations and X is a halide atom. The light to electricity power conversion
efficiency (PCE) has significantly increased due to development of new perovskite
growth methods, perovskite film morphology, novel device design, and innovations in
terms of new materials combinations for organic-inorganic perovskite devices. Single
halide methylammonium lead triiodide (MAPbI3, CH3NH3PbI3) is the most widely
studied perovskite composition in which methylammonium iodide (CH3NH3I or MAI) is
the organic part and lead iodide (PbI2) is the inorganic salt. However, doping of other
non-iodine halides (Cl, Br) in MAPbI3 perovskite has been reported to obtain mixed
halide perovskite with much improved properties. Apart from widely used
methylammonium (MA), other organic cations such as formamidinium (FA),
phenylammonium (PhA) have also been explored in perovskite. Perovskite possesses a
high absorption coefficient, long range ambipolar charge carrier diffusion length, low
exciton binding energy, and high dielectric constant which allow it to exhibit excellent
photovoltaic characteristics.

1.2. Previous work
1.2.1. Perovskite solar cell
Organic-inorganic perovskite (CH3NH3BX3) properties were first studied by
Weber in 1978 [29, 30]. Use of perovskite as photovoltaic material did not came in
picture until 2009, where perovskite was used as sensitizer in dye sensitized solar cell
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type structure giving a PCE of 3-4% [31]. The PCE of perovskite based solar cell further
increased to 6.5% in 2011 [32] to more than 20% in 2015 [33]. Figure 1.2 shows the
exponential increase in PCE (%) of perovskite solar cells with time. The rapid increase in
performance of semiconducting perovskite based solar cell, resulted from the unique
properties of organic-inorganic perovskite possesses such as low energy direct band gap
(~1.5 eV), high absorption coefficient, balanced electron-hole mobility, long range
charge diffusion length (100-1000 nm), high dielectric constant, high carrier mobility and
small exciton binding energies. The rapid evolution of efficient perovskite solar cells in
the last four years has led to overcome many challenges facing processing of perovskites
such as selection of perovskite precursors, precursor concentration, perovskite
morphology, perovskite layer thickness and perovskite device structure. Before we
discuss several perovskite processing parameters, it is important to highlight different
device architecture used in fabricating perovskite solar cells.
20

Perovskite

Efficiency (%)

16
12
8
4
0

2006 2008 2010 2012 2014 2016
Year

Figure 1.2 Efficiency evolution of perovskite solar cells from 2006 to 2016.
Two different device configurations (n-i-p & p-i-n) has been adopted for
fabrication of perovskite based solar cell. The first device structure (n-i-p, figure 1.3a)
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was adopted from dye-sensitized solar cells, where the light first enters from the substrate
through n-type electron transport layer (TiO2, ZnO) and then passes through perovskite
layer and exiting towards p-type hole transport layer (spiro-OMeTAD, polymers P3HT,
PDPP3T). On the contrary, the p-i-n device structure (figure 1.3b) is complementary
where the light enters first from the transparent substrate through p-layer (PEDOT:PSS)
and then passes through light absorbing perovskite layer before exiting from n-layer
(PCBM). The n-i-p structure employing FTO/bl-TiO2/meso-TiO2/perovskite/spiroOMeTAD/Ag was explored widely in the early literatures for making perovskite solar
cells. The n-i-p device structure has been used as planar and mesoporous perovskite
heterojunction. The planar n-i-p structure does not contain mesoporous TiO2
nanostructure and perovskite layer forms a planar junction with blocking layer TiO2. On
the other hand mesoporous-perovskite junction forms a heterojunction of mesoporous
TiO2 and perovskite crystals. The p-i-n architecture is similar to polymer solar cell
structure and is planar in nature employing ITO/PEDOT:PSS/perovskite/PCBM/Ag. The
deposition of perovskite film in both the device architecture (n-i-p and p-i-n) has been
attempted by various methods such as single step spin coating of precursor solution [25],
sequential deposition method [34, 35], vapor phase deposition [36-38], co-evaporation
[39], spray coating [40-42], doctor blading [43, 44] and slot die deposition technique[45].
Single step spin coating, sequential deposition method, vapor phase deposition are the
most widely adopted route to prepare perovskite film. The single step spin coating
method involves perovskite precursors to be mixed in a solvent or solvent mixture and
spin coating it on top of charge extraction layer. Sequential deposition of perovskite film
involves two or more steps, wherein first a single precursor film is spin coated and then it
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is dipped in second precursor solution or the second precursor solution is spin coated on
top of it. Third deposition techniques is vapor phase deposition, wherein the individual
precursor is deposited by vaporization of precursor elements.

Ag

Ag

Rhodamine

Spiro-OMetad/PDPP3T (p)

PC60BM (n)

Perovskite (i)

Perovskite (i)

mp - TiO2 (n)

PEDOT: PSS (p)

c-TiO2 (n)

ITO

FTO

hν

hν
p-i-n architecture

n-i-p architecture

Figure 1.3 Schematic of (a) n-i-p and (b) p-i-n perovskite solar cell structures.
In all the perovskite deposition techniques, many critical processing parameters of
perovskite layer controls the final performance of a solar cell device. In order to achieve
efficient perovskite solar cell, the perovskite film thickness, crystallization and
morphology is important to control. For example, to achieve a desired perovskite film,
one needs to control the critical processing parameters of perovskite film deposition. The
perovskite film processing conditions and their parameters is different for different
deposition techniques. The research focusses on exploring low temperature solution
based processing of perovskite film. The work details the formation of intermediate phase
and its quick removal by ambient humidity or by direct addition of water as co-solvent in
perovskite film preparation, leading to perovskite crystallization.
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1.2.2. Room temperature processing of perovskite film
Recently, there has been reports of room temperature, annealing free
crystallization of perovskite film showing high device performance. Zhou et al.
demonstrated room temperature crystallization of perovskite thin films via solventsolvent extraction (SSE) giving high efficiency perovskite solar cells [46]. In SSE
method, firstly the single halide methylammonium lead iodide (CH3NH3PbI3) perovskite
is stoichiometrically dissolved in a high boiling point (204 °C) solvent NMP and is spin
coated on the substrate, resulting to a clear MAPbI3 film. The clear MAPbI3 film is then
dipped immediately in a bath of low boiling point (35 °C) solvent diethyl ether
(C2H5OC2H5 or DEE) kept at room temperature. The formation of perovskite
(CH3NH3PbI3) happens within two minutes of dipping the film, after which the film is
taken out of bath and dried at room temperature. The SSE crystallization method was
observed to be highly controllable and repeatable. Another approach of room temperature
crystallization was reported by Xiao et al. which involved fast crystallization- deposition
(FDC) of perovskite (CH3NH3PbI3) film [47]. The approach involves spin-coating a
solution of perovskite (CH3NH3PbI3) in DMF on top of dense TiO2 layer. The spinning
perovskite (CH3NH3PbI3) film was exposed to another solvent chlorobenzene (CBZ) to
complete the crystallization of perovskite film. This method resulted in fast single-step
deposition of perovskite film with highly crystalline single grains, which were then used
in planar heterojunction solar cells, which gave highest PCE of 16.2% with average
efficiencies of 13.9 ± 0.7 % among 10 number of devices under AM 1.5 condition.
Another report from Chen et al., a non-thermal annealing route to crystallize
perovskite film was demonstrated [48]. The heating free crystallization of perovskite
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(CH3NH3PbI3) was achieved by adding a small amount of NH4Cl in the precursor
solution of PbI2 and CH3NH3I, which were simply spin coated leading to formation of
pure perovskite phase. The precursors CH3NH3I, PbI2 and NH4Cl with a molar ratio of
1:1:0.5 were mixed in DMF solution and were spin coated to form perovskite phase. Asspin coated perovskite film turned out to be smooth, reflective film having dark brown
color with full surface coverage. It was found that addition of NH4Cl drastically affects
the crystallization process of perovskite, acting like a glue to connect separate
CH3NH3PbI3 grains in the film, leading to complete coverage of perovskite film.
However the role of chlorine in controlling perovskite film morphology is still unclear
[49-51]. In another communication, it was reported that ammonia can reversibly
intercalate inside or can coordinated with perovskite crystal lattice [52]. It was
understood that addition of NH4Cl leads to quick formation of an intermediate crystal
structure of PbI2.CH3NH3I…x.NH4Cl upon reaction with precursor elements (CH3NH3I
and PbI2). The removal of NH4Cl from intermediate crystal structure happens during the
spin coating of precursor solution at room temperature itself giving smooth perovskite
film. The loss of chloride from perovskite films prepared by using several precursor
combination such as PbCl2+3CH3NH3I or by PbI2+CH3NH3I+xCH3NH3Cl, has been a
matter of focus [49, 50, 53]. Possible loss of chloride could be either from decomposition
of CH3NH3Cl or its decomposition into hydrochloric acid (HCl) and methylamine
(CH3NH2). On using NH4Cl, in the precursor mixture solution, it was understood that the
chloride would have been removed from the intermediate species
PbI2.CH3NH3I…x.NH4Cl by the release of NH3 and HCl, which is easily decomposed
from highly volatile NH4Cl. The decomposition of NH4Cl is attributed to the low vapor
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point of NH4Cl and low pressure during spin coating process of perovskite. The release
of chloride favors the crystallization of CH3NH3PbI3 and also led to structural
rearrangements affecting perovskite film morphology.
All these room temperature processing of perovskite involve partial annealing of
films, addition of extra dopant, or washing in a solvent. One of the challenges for ambient
air processing of organic-inorganic perovskite films is their degradation in air due to
moisture. Perovskite films are prone to degradation from moisture present in the
atmosphere, requiring processing and crystallization in a N2 filled glove box. The most
common procedure followed for crystallization of perovskite films is annealing on top of
a hot plate inside inert atmosphere. This method of crystallization of perovskite not only
increases the complexity of fabrication, but also makes it difficult to control perovskite
film crystallinity and morphology at the nanoscale level. As reported previously, the
perovskite phase is formed by inter-diffusion of precursor elements (CH3NH3I and PbI2)
whose rate of diffusion controls the rate of perovskite crystallization [54]. Annealing the
deposited perovskite film will lead to rapid diffusion of precursors leaving a smaller time
window to control the growth of perovskite crystals, thus severely limiting control over
film morphology. Improvement in device performance depends largely on the quality of
perovskite films [55]; therefore a film with high perovskite phase crystallinity and large
pinhole free perovskite crystals is desired for efficient charge transport with reduced
recombination. Retarding the rate of crystallization of spin coated perovskite films will
assist in slow inter-diffusion of precursor elements leading to improved crystallinity and
large, continuous, defect-free perovskite morphology.
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1.2.3. Use of moisture and water in perovskite formation
Use of moisture from atmospheric humidity and addition of water has been
recently considered to be one of the important factors during perovskite crystallization.
Recently, there has been a number of reports on use of humidity to improve perovskite
morphology. Im et al. used H2O or HBr(aq) as an additive in a CH3NH3PbBr3/DMF
precursor solution to grow a compact and dense perovskite film on a mesoporous TiO2
film [56]. Wu et al. used H2O as an additive in PbI2 precursor to increase the quality of
the perovskite film by reducing number of pin holes[57]. Bert et al. showed that the
performance of perovskite solar cells does not decrease by adding some water in
perovskite precursor solution [58].
Post treatment were also carried out by exposing the prepared perovskite films in
controlled moisture conditions. It was reported that water molecules with controlled
humidity during the fabrication of the perovskite films assist the growth of a larger grain
with less defect density for higher device performance [58-63]. It is shown that the
interaction between MAPbI3 and water is critical as moisture has been shown to affect the
crystallization dynamics and growth of perovskite films.[59, 64-66] It was found that
crystallinity of perovskite increased when the perovskite films were exposed to water
molecules under high humidity conditions. Water molecules can penetrate across the
perovskite structure to form a partly reactive phases [CH3NH3PbI3.H2O and
(CH3NH3)4PbI6 .2H2O]. These reactive phases are metastable form that spontaneously
dehydrates in air forming perovskite phases. These hydrated phases are formed due to
water incorporation into the perovskite lattice by the formation of hydrogen bonds
between water molecules and lattice iodides, as well as from hydrogen bonding
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interaction between MA cations and water molecules. Thus, adding water as additives
expanded the volume of Perovskite films.[64] Water can improve the growth of
perovskite films from the interaction between H2O and MAPbI3, such as hydrogen
bonding interaction.
However, there have been reports that showed water molecules are detrimental to
perovskite film which dissociates CH3NH3PbI3 into lead iodide and methyl ammonium
iodide with reduced photovoltaic performance [67, 68]. Methylammonium lead iodide
perovskite film is formed with the intercalation of methylammonium ions into the lattice
space of PbI2. If the film is exposed to excess water, dissolution of the polar organic
CH3NH3+ in the perovskite structure occurs that results in dissociation of pervoskite into
PbI2 and CH3NH3I [65]. Therefore, water is an important factor in perovskite film
formation with dual roles. Depending on the amount of water molecules, they can assist
growth, but also can cause degradation in the perovskite phase. It is necessary to study
the role of water molecules and find the optimal condition of water in perovskite film
formation in order to further improve perovskite morphology and solar cell efficiency.
Pin-hole free perovskite films have been made using water as dopant in PbI2 precursor,
and the directly using water effects on the perovskite crystallization and grain size have
also been studied by some group.
The effect of directly adding water for the fabrication of perovskite film have
been studied by different group [67, 69-72]. Water is considered the main factor for the
stability of perovskite film. Water molecules with controlled humidity during the
fabrication of the perovskite film have been shown to assist in the growth of a larger
grain with less defect density, resulting in higher device performance. However, there are
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also reports that show water is detrimental to perovskite film which dissociates
CH3NH3PbI3 into lead iodide (PbI2) and (MAI) methyl ammonium iodide (CH3NH3I),
diminishing photovoltaic performance. It is shown that water plays a dual role and helps
to increase film crystallinity when an optimum amount of water is added, and dissociates
the perovskite if a higher content of water is used.
Adhikari et al. showed that the addition of 5% volume of water by IPA in lead
iodide precursor for the fabrication of perovskite film helps to reduce the defects [73].
Doping of water during perovskite film formation helps in reconstruction of perovskite
surface, thus reducing the structural defects on the surface.
Wu et al. showed that the addition of small (2% by volume in PbI2/DMF solution)
amount of water in PbI2 affects the surface coverage of the PbI2 and perovskite films
prepared by sequential deposition method on top of PEDOT:PSS layer [74]. The device
performance of perovskite solar cells was found to increase from 0.0063 % to 18%. The
PbI2 film prepared from PbI2/DMF with 2 wt. % water has smoothest film with largest
grains. This high quality PbI2 films gave compact and smoothest perovskite film when
dipped in methyl ammonium iodide solution. This may be due to the homogeneous
precursor solution of PbI2/DFM by addition of small amount of water. Water is
compatible with DMF and its polarity, dielectric constant and solubility parameter
changes after adding small amount of water. PbI2 was completely dissolved in the mixed
solvent as the solubility parameter of the DMF/H2O mixture is close to that of PbI2. The
perovskite film prepared from 2% water in PbI2/DMF showed compact morphology with
large grain size.
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Gong et al. control the crystallization in mixed halide perovskite
film(CH3NH3PbI3-x Clx) using water as solvent additive for perovskite solution precursor
[75]. The crystallization of perovskite thin films with good coverage and film
morphology was obtained by adding small amount (2%) of deionized water in to the
DMF solution. The efficiency was increased from 12.13% to 16.06% by adding water as
additives in DMF solution. They also found that the water doped devices were more
stable in ambient conditions due to the formation of stable perovskite hydrates by
incorporating the water additive during the solution process. They found the formation of
hydrated perovskite phase of CH3NH3PbI3-x Clx .nH2O which resists the corrosion of
perovskite film by water molecules to some limit. These hydrated phases were found to
generate during annealing process. The increase in grain size and disappearance of voids
were found by using small amount of water as additive in DMF solution. The continuous
perovskite film with less grain boundary area was found using 2% H2O in DMF solution
during perovskite film formation.
In 2015, Conings et al. did a study on impact of water in perovskite precursor
solution, wherein the impact of water concentration up to 10 vol. % was investigated.
The impact of water in precursor solution on the optoelectronic and morphological
properties of perovskite films and device were studied and was observed that up to 10 vol
% of water does not affect the performance of perovskite solar cell device.
In 2016, Clegg et al. showed decrease in performance of the perovskite solar cell
with addition of small concentration of water directly in to the PbI2 precursor solution
fabricated by sequentially spin coated, inverted perovskite perovskite solar cells.
However, the addition of water was found to improve the long term stability of the

15

device. He also find that the addition of water to exaggerate the scan rate and introduce
directional dependent hysteresis. They propose that the addition of water to the precursor
solution increases concentration of mobile ions in perovskite film and migrate under bias
causing increasing in hysteresis [76].

1.3 Motivation
There is a need for low cost fabrication of perovskite solar cells with high PCE by
exploring room temperature processing of perovskite film in ambient air.

1.4 Objectives
The goal of this work was to study low temperature crystallization of perovskite
film by studying the room temperature crystallization of perovskite film [77] and using
water as a co-precursor solvent to optimize growth conditions of perovskite film at low
temperature. To achieve this goal, the following specific tasks were planned.
1. Optimize crystallization of perovskite film at room temperature, ambient air
humidity.
2. Optimize the water content in precursor solvent to obtain smooth film.
3. Monitor the crystallization processes of room temperature using UV-visible
spectroscopy and X-ray diffraction (XRD).
4. Study the morphology of perovskite films crystallized at room temperature and using
water as co-solvent via atomic force microscopy (AFM) and scanning electron
microscope (SEM).
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5. Fabricate planar p-i-n structure solar cells using perovskite film crystallized at room
temperature and using water as co-solvent.
6. Evaluate the current density-voltage characteristics (J-V), external quantum
efficiency (EQE) of fabricated planar perovskite photovoltaic cells.
7. Correlate the crystallization processes with planar perovskite photovoltaic cell
performance.
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Chapter 2: Theory

2.1 Photovoltaic cell
Photovoltaics (PVs) is a process where electromagnetic energy is converted to
electric energy. The conversion of electromagnetic energy occurs by a photon absorbed
in a semiconducting material. Upon the absorption of a portion of electromagnetic
energy, charge carriers are generated which then flow through an electrical circuit in form
of current. The energy from sunlight is in form of photons, which falls on the light
absorbing semiconductor, causing the outer shell electrons to be free forming separated
charge carriers (electrons and holes). These are then allowed to flow out of the solar cell
producing current. A PV cell is not 100% efficient as a portion of light energy falling on
the PV cell gets reflected, some are of too low energy (infrared) to separate the charges
and some portion of electromagnetic spectrum (ultraviolet) has high energy causing heat
energy in form of thermal loss. The modern PV cells are made of either crystalline silicon
or thin-film semiconducting material. Silicon solar cells are highly efficient but are costly
due to high manufacturing cost, whereas thin film solar cells are less efficient but have
simple device architecture and are low cost.
2.1.1. Silicon solar cell
Silicon solar cells work on the principle of p-n junction diode where photons from
incident light falls on the photo-absorber leading to formation of free charge carriers
(electrons and holes), which are collected at respective electrodes due to presence of
internal electric field. Figure 2.1 shows the solar energy received on earth per unit area
versus wavelength. Crystalline silicon has band gap of 1.1 eV corresponding to a
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wavelength of 1127 nm and hence absorbs all wavelengths shorter than 1127 nm. In
order to reduce the thermalization loss in a photon-absorbing semiconducting material,
the ideal band gap for photovoltaic materials is 1.5 eV as it balances absorption loss and
thermallization loss. Gallium Arsenise (GaAs) possess an optimum energy band gap of
1.42 eV and is an excellent semiconducting material for photovoltaic application. The
GaAs semiconducting materials exhibit lattice mismatch between gallium and arsenic,
therefore growth of GaAs is usually carried out using expensive molecular beam epitaxial
methods to reduce lattice strain, thus making the overall fabrication process costly for
large scale photovoltaic applications. Silicon on the other hand is cheap and abundant and
has fewer processing issues, hence is the most common material for photovoltaic
applications.

Figure 2.1 Solar irradiance spectrum vs wavelength with comparison of efficiencies for
different solar cells.[78]
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A p-n junction is formed when a p-type semiconducting material is joined to a ntype semiconducting material. Formation of a p-type and n-type semiconducting material
is achieved by doping of respective intrinsic semiconducting material. In order to have a
p-type silicon semiconductor, the intrinsic silicon need to be doped with group III
elements such as boron (B), aluminum (Al) and gallium (Ga). This will led to excess of
holes which will be a majority carrier in p-type silicon. On the contrary, n-type materials
are prepared by doping group V elements such as phosphorous (P) and arsenic (As) to
intrinsic silicon. In an n-type semiconductor, electrons are majority charge carriers and
holes are minority charge carriers.
The electron concentration (n) in an n-type semiconductor is:
n  ND

The hole concentration (p) is given as:
p = ni2 / ND

(2.1)

(2.2)

For hole concentration (p) in a p-type semiconductor is given as:
p =NA

(2.3)

The electron concentration (n) is given as:
n = ni2 / NA

(2.4)

where ni is intrinsic carrier density, NA and ND are density of acceptors and donors,
respectively.
In a typical p-n junction, the n-type materials possess large number of n-type
mobile electrons, whereas p-type material contains very few electrons. Due to
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concentration gradient of electrons between n-type and p-type, the electrons from n-type
diffuse towards p-type material. Similarly, holes having high concentration in p-type
material diffuse towards n-type material. The diffusion current density for electrons
(Jn,diff.) and holes (Jp,diff.) are given as:
Jn,diff = 𝑞𝐷(n)

𝑑𝑛(𝑥)
𝑑𝑥

Jp,diff = −𝑞𝐷(p)

𝑑𝑛(𝑥)
𝑑𝑥

(2.5)

(2.6)

where D(n) and D(p) are diffusion coefficient for electrons and holes respectively. n, p,
and q are electron concentration, hole concentration and electron charge, respectively.
The band diagram of a p-n junction solar cell is shown in figure 2.2. The work function
(Efp) of p-region is higher than vacuum level due to high concentration of holes and work
function (Efn) of n-region is lower due to high concentration of electrons. When there is
no junction between p and n-type region then no energy banding is observed. However,
when two region come together to form a junction, a depletion region is formed at the
junction due to the difference in the charge carrier concentrations leading to energy band
bending at the junction between p and n regions. The region near junction of p-type and
n-type material is called space charge or depletion region an the region away from p-n
junction is called quasi neutral region. When excited with photons, electrons from
valence band (VB) are excited to conduction band (CB), creating a hole in valence band.
The electron-hole pairs in the CB and VB are then separated into free electrons and free
holes at the junction due to the internal electric field which is caused by the potential
difference between the two regions called the built in potential (Vbi). The negative
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charged free electrons flow through the n-side and positively free holes flow through p
side and get collected at cathode and anode respectively.

e-

e-

e-

CB

ee-

Efn

hν

Cathode

Vbi
Anode

Efp

h+

VB

h+
p-region

h+
Depletion
Region

n-region

Figure 2.2 Energy band diagram of a p-n junction solar cell.

The depletion region or space charge region shown in figure 2.2 is formed at the
junction of p and n type layers due to diffusion of opposite charges towards the junction
caused by a concentration gradient. The width of the depletion region is determined by
the doping concentration of p (NA) and n (ND) layers and under thermal equilibrium for a
homojunction is

2𝜀𝑉𝑏𝑖

𝑊= √

𝑞

1

(𝑁 +
𝐴

1
𝑁𝐷

)

(2.7)
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where ε is the dielectric permittivity of the semiconductor, q is the elementary charge
having value of 1.602 e-19 C and Vbi is the built in potential between the quasi Fermi
levels of p and n layers.

2.2. Solar cell terminologies and characterization parameters
To assess the performance of fabricated solar cell devices, they need to be
evaluated for three vital device parameters viz. short circuit current density (Jsc), open
circuit voltage (Voc), and fill factor (FF), that determine the overall photo-conversion
(light to electricity) efficiency (PCE). Other parameters including external quantum
efficiency (EQE) and internal quantum efficiency (IQE) are also important. As the device
performance depends upon the incident solar flux, so the device under test (DUT) is
exposed to the artificial solar irradiance generated by a solar simulator, which mimics the
profile of sunlight. Figure 2.3 shows the solar irradiation spectrum showing radiation at
the extraterrestrial and earth surface (global and direct). The majority of radiation falling
on the earth is comprised of visible and infrared (IR) light. Therefore, the solar simulator
utilizes a Xenon lamp which heats up to a temperature of 6000 K and emit radiation
ranging from ultraviolet (UV), visible to IR, thereby covering the entire solar spectrum.
In order to avoid any discrepancy in performance due to difference in irradiance, the
irradiance level is defined in terms of quantity called air mass (AM), and the mentioning
of its absolute value has been made mandatory while registering and reporting device
performance.

Spectral Irradiance W m-2 nm -1
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Figure 2.3 Solar irradiation spectra showing radiation at the extra-terrestrial and earth
surface (global and direct). Plots were modified from NREL ASTM G-173 data.[79]
Air Mass (AM) is defined as path length covered by sunrays, in earth’s
atmosphere relative to the shortest vertical path (i.e. from zenith) covered when the
sunlight falls straight on earth’s surface (Figure 2.4).
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Figure 2.4 Different air mass on the earth relative to the Sun’s position. Reproduced with
permission from [79].
Based on the Sun’s direction at different point of time, AM differs and can be expressed
as:

AM 

1
cos 

(2.8)

Here θ refers to angle between sunrays falling normal to earth surface and actual
angle of sunrays at different time during the day. For θ equal to 48.2°, AM is 1.5, which
is typically used for characterizing solar cells. A standard test condition for solar cells is
Air Mass 1.5 (AM 1.5) with an incident power density of 100 mW/cm2 at a temperature
of 25°C [80].

As the performance of solar cell is critically dependent on the various
aforementioned device parameters, their detailed understanding is necessary for
development of efficient and stable solar cells via designing of materials and
manipulation of device architecture.
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a. Open circuit voltage (Voc): Open circuit voltage is the value of voltage at zero current
and in real sense its represents the maximum possible photo-voltage generated across
the device. VOC depends on the photo-generated current density (Jph) and can be
calculated as
VOC = (kT/q )[(Jph/Jo)+1]

(2.9)

In case of organic photovoltaics (OPVs), it is determined by the difference between
the highest occupied molecular orbital (HOMO) level of donor (D) and lowest
unoccupied molecular orbital (LUMO) of acceptor (A). , It has been shown that [81]
the theoretical Voc can be approximated as

 LUMOA  HOMOD 
VOC ,max  
  0.3 V
e


(2.10)

where 0.3 V is an empirical value describing the difference between the maximum
built-in potential (Vbi) and the Voc.
The Voc can be increased by either moving the donor’s HOMO farther away from
vacuum level or pushing the acceptor’s LUMO closer to vacuum level. However,
while doing so, energy offset of larger than exciton binding energy (Eb ~ 0.3eV)
should be maintained between the LUMOs of donor and acceptor.
b. Short circuit current density (Jsc): The Jsc is the photocurrent density generated by a
photovoltaic device under illumination at short circuit condition. It is dependent on
the intensity of incident and absorption spectrum of photoactive material (perovskite)
by the relation:


J sc  e  N ph ( E )  EQE ( E )dE
Eg

(2.11)
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where Nph is the spectral photon flux of incident light, Eg is the bandgap of active
materials and E is the photon energy. It is expected that the more light absorption will
lead to generation of more free charge carriers (collected at the electrodes), thereby
leading to higher Jsc. Short circuit current density (Jsc) can be increased using a lower
bandgap perovskite that can absorb broader spectrum of sunlight.
c. Fill Factor (FF): Fill factor is defined as fraction of maximum theoretical power
which is actually available under normal operating conditions at the maximum power
point (i.e. point on current-voltage curve, where the power is maximum,; see Fig.
2.3a). It is suggested that the FF depends on the Jsc, Voc, series resistance (Rs) and
shunt resistance (Rsh) (see equivalent circuit diagram in Fig. 2.5b) as per the
theoretical relations[82].


J R   V
FF  Rs , Rsh   FF  0,   1  sc s    oc  
Vsc   J sc Rsh  


(2.12)

The FF is greatly affected by the Rs and Rsh and a high FF can be achieved with
low Rs and high Rsh (for an ideal case Rs = 0 and Rsh =͚∞). Therefore, the Rs needs to
be minimized and the Rsh should be maximized to ensure a high FF[83]. The FF can
be calculated from the knowledge of maximum power [product of maximum current
(Im) and maximum voltage (Vm)], Voc and Jsc as:

FF 

Pm
J V
 m m
Voc J sc Voc J sc

(2.13)

d. Efficiency (ƞ): Power conversion efficiency (PCE) of OPVs is defined as ratio of
output electric power (Pout) to solar incident power (Pi)and can be expressed in terms
of Jsc, Voc and FF as :
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Pout Voc J sc FF

Pin
Pin

(2.14)

It can be been seen that, to maximize the PCE, Jsc, Voc and FF have to be
simultaneously maximized to yield the maximum value of product. However, in
practical cases, attempts to individually maximize either of Jsc, Voc or FF, tends to
adversely affect the other and careful balance has to be maintained between them.

e. Quantum efficiency (QE): Quantum efficiency defined as the number of electrons
generated by the cell relative to the number of photons falling on the cell. It is highly
desirable that all the photons falling on the cell should generate electrons and in that
case the quantum efficiency is unity. However, in actual practice there are associated
losses at various stages from charge generation to collection at electrodes, and the QE
is always less than one. On the basis of incident photon flux and actually absorbed
fraction, two sub-types of QE can be defined.

i. External quantum efficiency (EQE) - It is defined as ratio of number of charge
carriers collected under short circuit condition to the number of photons falling on the
solar cell.

EQE(,V )   A ( ) diff diss (V ) tr (V ) cc (V )

(2.15)

ii. Internal quantum efficiency (IQE) - It is defined as ratio of number of charge carriers
collected to the number of photons absorbed by the solar cell.

IQE ( ,V )  diff diss (V ) tr (V ) cc (V )

(2.16)
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Where  A ( ) , diff (V ) , diss (V ) , tr ( ) and tr (V ) denote the yield at photon absorption,
exciton generation, exciton diffusion, exciton dissociation, charge transport and
charge collection sub-stages respectively.

(a)

(b)

Figure 2.5 (a) Typical J-V curves of a solar cell in dark and illumination; (b) equivalent
circuit for a solar cell. Reproduced with permission from Springer-Verlag [84]

Figure 2.5a shows a typical current density versus voltage (J-V) behavior of a
solar cell.[84] In the dark, the J-V curve (black curve) resembles the electrical
characteristics of an ideal diode. In contrast, under the solar irradiance, the J-V curve (red
curve) shifts downward to the fourth quadrant. The generated electrical power (blue
curve) plot helps determine the maximum power point (MPP), which is a product of
current density (Jm) and voltage (Vm) at the MPP. Figure 2.5b shows the solar cell
equivalent circuit, in which Rsh is shunt resistance, Rs is series resistance and Jph is
photocurrent. Rs is typically attributed to the resistance of active layer, contact resistance
and interconnects. The Rsh is also known as parallel resistance, which comes from poor
diode contact or can be caused by recombination of charges by defects [85]. To fabricate
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high performance solar cells, it is desired to have really low series resistance (Rs→0) and
high shunt resistance (Rsh→ ∞).

2.3. Perovskite solar cell
In last few years a new light absorbing semiconducting material named perovskite
has attracted a lot of attention for photovoltaic application. Perovskite refers to a group of
materials which has same crystal structure as calcium titanate (CaTiO3), which was
discovered by a German mineralogist Gustav Rose in 1839 and named after Russian
mineralogist L.A. Perovski (1792-1856) [86]. Perovskite has an ABX3 type structure
(figure 2.6), where A and B are cations namely CH3NH3I (MAI) and lead (Pb), whereas
X is a halogen atom which is Iodide (I). Perovskite based solar cells has seen the fastest
growing technology with an efficiency of 3.8% in 2009 to more than 22% in 2016.

A
X

B

Figure 2.6 Crystal Structure of ABX3 type perovskite structure, where A is CH3NH3I
(MAI), B is lead (Pb) and X is a halogen ion which here is Iodine (I).
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Most widely used perovskite composition is organic-inorganic hybrid
methylammonium lead triiodide (CH3NH3PbI3), in which methylammonium (CH3NH3+)
is the organic counterpart and PbI3 is the inorganic part of perovskite. Among organic
and inorganic counterparts, organic component serves as high solubility to the perovskite
that facilitates self-assembly, effectively enabling its precipitation or deposition from
solution whereas the inorganic component provides an extended network by covalent or
ionic interaction that allows for precise crystalline structure formation in the deposited
films.
2.3.1. Planar p-i-n perovskite solar cell device architecture and working principle
Perovskite solar cells have a similar working principle as thin film solar cells.
Currently, the most widely used perovskite composition is methylammonium lead
triiodide (CH3NH3PbI3) which has been demonstrated in both p-i-n and n-i-p device
architecture. Figure 2.7a shows planar p-i-n perovskite solar cell which was used in our
study for fabrication of solar cell. The energy band diagram of each layer of p-i-n
perovskite solar cell is shown in figure 2.7b.
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Figure 2.7 a) Device structure of planar p-i-n perovskite solar cell. (b) Energy band
diagram of a planar perovskite solar cell showing generated charge carrier transfer to
respective electrodes.
The light enters a transparent electrode named indium tin oxide (ITO), passing
through hole transport layer (HTL) which is PEDOT:PSS (poly(3,4ethylenedioxythiophene) polystyrene sulfonate) and then through photoactive perovskite
(CH3NH3PbI3) layer where charge carriers (electrons and holes) are generated which are
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transported through charge extracting layers (electrons are transported through PC60BM
(phenyl-C60-buyric acid methyl ester) and collected at silver (Ag) electrode and holes are
extracted through PEDOT:PSS layer to bottom ITO electrode).

2.4. Operating principles of characterizing techniques
2.4.1 UV-vis spectroscopy
Ultraviolet-visible (UV-Vis) spectroscopy analyzes the light absorption of
perovskite films across the ultraviolet, visible and near infrared region of electromagnetic
spectrum. The UV-Vis spectroscopy system contains deuterium arc lamp and tungsten
lamp as light source generating the wavelength in the range of 280 – 1100 nm. The
monochromator consists of an entrance slit, a dispersion device and an exit slit.
Schematic picture of UV-Vis spectroscopy is shown in figure 2.8. When a sample is
illuminated, electrons are excited corresponding to the energy difference between an
electronic transition inside the molecule (e.g., bonding and antibonding). The amount of
absorbed light depends on the thickness of the absorbing material. UV-vis can also be
used to determine absorption coefficient, refractive index and dielectric constant.
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Figure 2.8 Schematic of UV-vis spectroscopy.[87]

The principle behind UV-Vis absorption spectroscopy is Beers Lambert law, which is
represented as.
Absorbance (A) = - log10(I/ I0) = log10(I0/ I) = ϵbc

(2.17)

where I0 is the intensity of light that falls on a material with thickness d, I is the intensity
of light that is transmitted and ϵ, b, c are molar absorption (extinction coefficient), path
length of the sample holder and concentration of the solution, respectively.
2.4.2

X-ray diffraction
X-ray diffraction (XRD) is a widely used technique to determine the lattice

spacing, crystalline fraction and crystallographic orientation in materials. X-rays incident
on the crystallographic planes of the sample get diffracted from atoms that are
periodically arranged as shown in Figure 2.9. The diffracted X-rays constructively
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interfere to produce increased intensity along a particular direction based on the periodic
spacing between atomic layers.
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Figure 2.9 X-ray diffraction from crystallographic planes in a crystal.
The spacing between crystal planes (d) can be calculated from Bragg’s law as
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆

(2.18)

where θ is the incident angle, λ is the wavelength of X-ray radiation and n is an integer.
2.4.3

Atomic force microscopy
Atomic Force Microscope (AFM) is an instrument that can image the surface

topography of a thin film sample [88]. A schematic of an AFM is shown in figure 2.10a.
An AFM consists of a cantilever having a sharp nanometer sized tip at one of its end. A
laser beam is incident at the end of the cantilever where it is reflected to a four quadrant
photodiode. The tip is brought in proximity with the sample surface and raster scanned
across a specific area. Due to forces between the surface and tip, the cantilever deflects,
leading to displacement of the laser spot on the photodiode. This photodiode signal is
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then converted to topographic images using the feedback electronics which translates the
magnitude of laser spot displacement on the photodiode.

Figure 2.10 (a) Schematic of an atomic force microscope [89] and (b) Force-distance
curve with tip-sample separation distance indicating different regimes of imaging [90].

An AFM can work in three different modes depending upon the tip-sample force
interaction regimes shown in figure 2.10b. When the tip is very close to the sample and in
mechanical contact then imaging is done in the repulsive regime and called as contact
mode. When the tip is farther away from sample and works in net attractive mode then
the imaging mode is called non-contact mode. When the tip oscillates between attractive
and repulsive force regimes, it is called tapping or intermittent contact mode. Tapping
mode is one of the most widely used scanning probe technique [91-93] as it provides high
resolution topographic and phase images with minimal wear to the AFM tip.
2.4.4

Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) is a scanning probe microscopy

technique that detects and maps local surface potential variation of a thin film sample
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[94-96]. In this technique, two lock-in amplifier (LIA) are simultaneously used as shown
in the schematic of Figure 2.11. The first lock-in amplifier (Lock-in # 1) oscillates the
AFM cantilever near its mechanical resonance. The changes to the cantilever’s amplitude
and phase are fed in the feedback electronics to record the height and phase difference.

Figure 2.11. Block diagram of Kelvin probe force microscopy (KPFM).[97]

The second lock-in amplifier (Lock-in # 2) applies a DC and AC electrical bias to
the conductive AFM tip. This induces an electrostatic force (Fc) between tip and sample
given by

1

𝐹𝑐 = 2 (𝑉𝑡𝑖𝑝 − 𝜙𝐶𝑃𝐷 )

2 𝑑𝐶
𝑑𝑍

Vtip= Vdc + Vac sin (ωelect)

(2.19)
(2.20)
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where ωelec is the frequency of AC bias applied to the tip and Vdc is the DC offset applied
to the tip. C is the capacitance and ϕCPD is the contact potential difference between the tip
and sample. An additional DC servo is used to apply a DC potential to the tip so as to
nullify the electrostatic force between tip and sample. The electrostatic force is the X
component of ωelec given by Lock-in 2.This DC potential is the difference between the
work function of tip (ϕtip) and work function of the sample (ϕsample), known as contact
potential difference. The schematic for AM-AM KPFM measurement setup is shown in
figure 2.11. AM-AM KPFM measurement scans provide both topography and surface
potential mapping simultaneously.
2.4.5. Scanning electron microscopy
Scanning electron microscope (SEM) is a microscopy instrument to observe surface
morphology of samples. It uses focused beam of high-energy electrons to generate
signals revealing the information of a film surface such as surface morphology. In a
SEM, the accelerated electrons interacts with the sample and dissipates a number of
signals such as secondary electrons, backscattered electrons, diffracted backscattered
electrons, photons, visible light and heat. Among these secondary electrons and
backscattered electrons are useful in providing surface image. Secondary electrons are
commonly used for imaging morphology and topography of samples. As wavelength of
an electron beam in an SEM is much lower than wavelength of visible light, therefore
SEM can measure nanoscale features to millimeters scale features of a film. Figure 2.12
shows the schematic of a typical SEM. The electron beam is originated from an electron
gun (cathode) and accelerated by anode. The accelerated electron beam is then condensed
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by the condenser lenses. The electron beam deflects back and forth by the magnetic field
produced from scan coils. The electron beam is further focused by objective lens on the
sample, where it scans the surface in a raster scan. The primary electrons interact with the
sample which emits secondary electrons which are detected to produce an image of the
sample.

Electron Source

Anode
Condenser lens
Electron beam
Scan Coils

Secondary electron
detector

Objective lens

Sample
Figure 2.12 Schematic of a scanning electron microscope.
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Chapter 3: Experimental Procedures

3.1. Materials
Methylammonium iodide (CH3NH3I) was purchased from Dyesol. PbI2 (99%)
was obtained from Acros organics. Anhydrous dimethyl sulfoxide (DMSO) (>99.9%)
and γ-butyrolactone (>99%) were purchased from Sigma Aldrich. Clevios™ P VP AI
4083 PEDOT:PSS was ordered from Heraeus. PC60BM and Rhodamine was purchased
from Nano-C and Sigma Aldrich. All the materials were used as received.

3.2. Device fabrication
3.2.1. Device fabrication using air crystallized perovskite film
The planar device structure adopted for fabricating perovskite solar cells consists of
bottom electrode indium tin oxide (ITO), PEDOT:PSS as hole transport layer (HTL),
light absorbing perovskite layer, PC60BM as electron transport layer (ETL), rhodamine as
thin interfacial layer and top metal electrode silver (Ag) [98]. Pre-patterned indium tin
oxide (ITO) glass substrates were numbered and placed in a Teflon sample holder. The
sample holder was immersed in a beaker and ultrasonically cleaned sequentially with
detergent water, deionized water, acetone and isopropanol solvents for 20 minutes each.
After ultrasonic cleaning the substrates were dried in a stream of nitrogen gas and placed
into RF surface plasma cleaner (PDC-32G). Plasma cleaner was placed into low vacuum
(10-2 Torr) and was purged with oxygen gas after 5 minutes. Then the RF coils were
given medium power to generate a purple colored oxygen plasma. After 25 minutes of
oxygen plasma cleaning the chamber was vented with air to remove the plasma cleaned
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samples. PEDOT:PSS was spin coated at 4500 rpm for 90 sec, followed by annealing in
air at 135 ºC for 5 min. The samples were then transferred inside a N2 filled glove box for
coating with the perovskite layer. A mixed solution of 581 mg of PbI2 (1.26 M ) and 209
mg of CH3NH3I (1.3 M) mixed overnight in 1 ml of γ-butyrolactone : DMSO in 7:3
volume ratio was spin coated at 750 rpm for 20 sec and 4000 rpm for 60 sec, with 160 µl
toluene dripped at the middle of total spinning time (40 sec). The films were then
crystallized by either thermal annealing (100 ºC, 20 min) or keeping the films in ambient
air for different periods of time (1 h, 3 h, 5 h, 8 h, and 10 h). Figure 3.1 shows the
perovskite spin coating steps with toluene dripping and its post crystallization in ambient
air at room temperature leading to nanorod features. PC60BM (20 mg/ml in
chlorobenzene) was then spin coated on top of the perovskite layer at 2000 rpm for 40 sec
and then kept for 15 min inside the glove box for solvent drying at ambient temperature.
Rhodamine (0.5 mg/ml in isopropyl alcohol) was then spin coated at 4000 rpm for 40 sec
on top of the PC60BM layer. Ag (100 nm) electrode was then deposited using thermal
evaporation in high vacuum of 2×10-6 mbar. The solar cell active area was 0.16 cm2, as
defined by the shadow mask.

Nanorod formation
in ambient air
at room temperature

Figure 3.1 Schematic showing deposition of perovskite nanorod film by spin coating
followed by crystallization in ambient air at room temperature.
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3.2.2. Device fabrication using perovskite film prepared by slow crystallization in N2
ambient followed by ambient environment exposure at room temperature.
The planar device structure adopted for fabricating perovskite solar cells consists
of bottom electrode indium tin oxide (ITO), PEDOT:PSS as hole transport layer (HTL),
light absorbing perovskite layer, PC60BM as electron transport layer (ETL), rhodamine as
thin interfacial layer and top metal electrode silver (Ag) [98]. Pre-patterned indium tin
oxide (ITO) glass substrates were numbered and placed in a Teflon sample holder. The
sample holder was immersed in a beaker and ultrasonically cleaned sequentially with
detergent water, deionized water, acetone and isopropanol solvents for 20 minutes each.
After ultrasonic cleaning the substrates were dried in a stream of nitrogen gas and placed
into RF surface plasma cleaner (PDC-32G). Plasma cleaner was placed into low vacuum
(10-2 Torr) and was purged with oxygen gas after 5 minutes. Then the RF coils were
given medium power to generate a purple colored oxygen plasma. After 25 minutes of
oxygen plasma cleaning the chamber was vented with air to remove the plasma cleaned
samples. PEDOT:PSS was spin coated at 4500 rpm for 90 sec, followed by annealing in
air at 135 ºC for 5 min. The samples were then transferred inside a N2 filled glove box for
coating with the perovskite layer. A mixed solution of 581 mg of PbI2 (1.26 M ) and 209
mg of CH3NH3I (1.3 M) mixed overnight in 1 ml of γ-butyrolactone : DMSO in 7:3
volume ratio was spin coated at 750 rpm for 20 sec and 4000 rpm for 60 sec, with 160 µl
toluene dripped at the middle of total spinning time (40 sec). The films were then
crystallized by either thermal annealing (100 ºC, 20 min) or keeping the films in ambient
air for 5 h at room temperature or by first keeping the perovskite film in nitrogen (N2)
ambient for 1 h, 2 h, 3 h followed by 5 h in ambient atmosphere having 40% RH.

42

PC60BM (20 mg/ml in chlorobenzene) was then spin coated on top of the perovskite layer
at 2000 rpm for 40 sec and then kept for 15 min inside the glove box for solvent drying at
ambient temperature. Rhodamine (0.5 mg/ml in isopropyl alcohol) was then spin coated
at 4000 rpm for 40 sec on top of the PC60BM layer. Ag (100 nm) electrode was then
deposited using thermal evaporation in high vacuum of 2×10-6 mbar. The solar cell active
area was 0.16 cm2, as defined by the shadow mask.
3.2.3. Device fabrication using perovskite film prepared by using water as co- precursor
solvent
The planar device structure adopted for fabricating perovskite solar cells consists
of bottom electrode indium tin oxide (ITO), PEDOT:PSS as hole transport layer (HTL),
light absorbing perovskite layer, PC60BM as electron transport layer (ETL), rhodamine as
thin interfacial layer and top metal electrode silver (Ag) [98]. Pre-patterned indium tin
oxide (ITO) glass substrates were numbered and placed in a Teflon sample holder. The
sample holder was immersed in a beaker and ultrasonically cleaned sequentially with
detergent water, deionized water, acetone and isopropanol solvents for 20 minutes each.
After ultrasonic cleaning the substrates were dried in a stream of nitrogen gas and placed
into RF surface plasma cleaner (PDC-32G). Plasma cleaner was placed into low vacuum
(10-2 Torr) and was purged with oxygen gas after 5 minutes. Then the RF coils were
given medium power to generate a purple colored oxygen plasma. After 25 minutes of
oxygen plasma cleaning the chamber was vented with air to remove the plasma cleaned
samples. PEDOT:PSS was spin coated at 4500 rpm for 90 sec, followed by annealing in
air at 135 ºC for 5 min. The samples were then transferred inside a N2 filled glove box for
coating with the perovskite layer. A mixed solution of 581 mg of PbI2 (1.26 M ) and 209
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mg of CH3NH3I (1.3 M) mixed overnight in 1 ml of γ-butyrolactone (GBL) : DMSO in
7:3 volume ratio with addition of different concentration of de-ionised water (1, 2, 3, 4, 5,
10, 15, 20, 25 vol. % ) as a co-solvent along with GBL and DMSO, was spin coated at
750 rpm for 20 sec and 4000 rpm for 60 sec, with 160 µl toluene dripped at the middle of
total spinning time (40 sec). The films were then crystallized by thermal annealing at
temperature (80 ºC, 10 min). PC60BM (20 mg/ml in chlorobenzene) was then spin coated
on top of the perovskite layer at 2000 rpm for 40 sec and then kept for 15 min inside the
glove box for solvent drying at ambient temperature. Rhodamine (0.5 mg/ml in isopropyl
alcohol) was then spin coated at 4000 rpm for 40 sec on top of the PC60BM layer. Ag
(100 nm) electrode was then deposited using thermal evaporation in high vacuum of
2×10-6 mbar. The solar cell active area was 0.16 cm2, as defined by the shadow mask.

3.3. Characterization
Perovskite films were characterized for their absorption, XRD, AFM topography,
SEM and KPFM. The fabricated perovskite devices were characterized for their J-V
characteristics and EQE. Tapping mode topography and kelvin probe force microscopy
(KPFM) images were obtained using an Agilent 5500 scanning probe microscope (SPM)
equipped with MAC III controller. The measurements were performed in air having same
humidity levels as maintained for the air growth perovskite films. The same perovskite
films at different time intervals were used for measurement where we saw time
dependent growth till 5 h and then degradation was seen to start for longer time. Silicon
tips having Cr/Pt coating (Budget Sensors, Multi 75E-G) with resonant frequency of ~75
KHz and force constant of 3 N/m were used for measuring topography and KPFM
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images. Current density - voltage (J-V) characteristics of perovskite solar cells were
measured in forward (0 - 1 V, 0.01 V interval, 0.01 sec for each interval) and reverse bias
(1-0 V, 0.01 V interval, 0.01 sec for each interval) using an Agilent 4155C semiconductor
parameter analyzer, keeping perovskite solar cells under illumination (Xenon arc lamp
with air mas (AM) 1.5 filter, Newport) with a light intensity of ~100 mW/cm2 (AM 1.5).
An NREL calibrated photodetector was used to calibrate the distance between Xenon arc
lamp and the sample to ensure 100 mW/cm2 light intensity. Incident photon current
efficiency (IPCE) measurements were carried out using a Xenon lamp (Newport)
attached to a monochromator (Newport). Two focusing lenses were used to focus the
monochromatic light to the active area of solar cell. National Renewable Energy
Laboratory (NREL) calibrated photodiodes were used as reference for IPCE
measurements.
3.3.1

UV- Visible absorbance spectroscopy
UV-Visible absorption measurements were done on Agilent G1103A

spectrophotometer that had a mercury lamp for ultraviolet (UV) source and a tungsten
lamp for visible and near infrared radiation shown in figure 3.2.
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Figure 3.2 Schematic of UV-Visible absorption spectroscopy [99].
Light from the mercury and tungsten lamp was reflected from a mirror on to a filter.
The filtered beam was passed through a monochromator grating to output monochromatic
light. The monochromatic light was incident on the sample and compared with the
reference to output the sample absorption over different wavelengths. To measure the
active layer absorbance, ITO glass slides coated with PEDOT:PSS film were taken as
reference (or blank). Absorbance spectra were taken from 200 nm to 1100 nm.
3.3.2

X-ray diffraction spectroscopy
X-ray diffraction (XRD) spectra were recorded using a Rigaku SmartLab

diffractometer (2.2 kW Cu-Kα (1.54 Å) radiation). The samples used for XRD
measurements were perovskite films deposited on PEDOT:PSS coated on top of ITO
slides. XRD spectra were recorded from 5° to 60° (2θ values). The XRD was equipped
with a goniometer that could rotate the source, sample and detector with precision as
shown in the photograph figure 3.3. The source consisted of a copper tube that generated
x-rays of wavelength 1.54 Å when an accelerating voltage of 44 keV was applied to it.
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Samples were kept horizontally on a plate on which x-rays were incident and were held
stationary. The source and detector rotated along the z-axis of the film using the
goniometer (shown in the double arrow curves in Figure 3.3) which gave the diffracted xray beam intensity as a function of 2θ.

Goniometer

Source

Sample

Detector

CuX-ray
tube

Figure 3.3 Photograph of x-ray diffractometer.
3.3.3

Atomic force microscopy
Atomic force microscopy (AFM) was performed using Agilent 5500 scanning

probe microscope shown in figure 3.4. AFM topography images were taking in tapping
mode with the tip probing in net attractive mode. Silicon tips having Cr/Pt coating
(Budget Sensors, Multi 75E-G) with resonant frequency of ~75 KHz and force constant
of 3 N/m were used for measuring topography images. To maintain the tip-sample
interaction force in the net attractive regime the tip was oscillated at 150 to 200 Hz above
its resonance frequency using a lock-in amplifier (MAC III controller). This was
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necessary to acquire high resolution images with minimal sample damage as reported
previously [100, 101]. Samples studied were photoactive perovskite films crystallized in
ambient air for several hours, crystallized using thermal annealing inside glove box and
crystallized using water as a co-solvent. The measurements were performed in ambient
air having same humidity levels as maintained for the air growth perovskite films. For
samples prepared from using water as co-solvent, the films were immediately measured
for their topography so as to avoid long term degradation from moisture in air. AFM was
done using Picoview 1.14.2 software provided by Agilent Technology. Different areas of
samples were scanned to ensure statistical validity of the analyzed data. All AFM images
were processed using Gwyddion software.

Camera

Vibration
Isolation
Enclosure

Scanner

Head
Electronics Box
MAC III
Controller

Figure 3.4 Photograph of Agilent 5500 Scanning Probe system.
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3.3.4 Kelvin probe force microscopy
Kelvin probe force microscopy (KPFM) measurements were done on Agilent 5500
system. It is equipped with a MAC III controller having multiple lock-ins. For KPFM
measurements Silicon tips having Cr/Pt coating (Budget Sensors, Multi 75E-G) with
resonant frequency of ~75 KHz and force constant of 3 N/m were used. KPFM
measurements were done in AM-AM mode where topography and surface potential
images were obtained in the same scan.
In AM-AM mode KPFM, the tip was mechanically oscillated near its mechanical
resonance using lock-in 1. AC bias was given to tip with a certain DC offset using lock-in
2. This induced an electrostatic force between the tip and sample. An additional DC
feedback (KPFM servo) was used to nullify the electrostatic force between tip and
sample. The amplitude output of lock-in 1 was connected to the input of lock-in 2. The
amplitude changes in lock-in 1 was directly related to the electrostatic force between tip
and sample [102]. For KPFM measurements the tip was mechanically vibrated near its
mechanical resonance (~75 kHz) by lock-in 1 and an AC bias (3-4 kHz) with a certain
DC offset (~0.5 – 3.0 V) was provided by lock-in 2. The electrical bias induced an
electrostatic interaction of amplitude 0.2 V between the tip and sample. The sample was
grounded in all KPFM measurements. The electrostatic amplitude was nullified by an
external DC servo and the potential recorded by the DC servo at each pixel during scan
was used to map the surface potential of the sample. The samples were measured in same
atmospheric condition as followed during crystallization process of perovskite films.
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3.3.5 Scanning electron microscope
Scanning electron microscopy images was measured in a Hitachi S-3400N SEM.
Perovskite films were measured for their surface morphology using SEM immediately
after crystallization of perovskite film. An accelerating voltage of 5 kV with working
distance of ~10 mm and a magnification of 5.00 K was used for imaging. The films were
mounted on top of a circular sample holder and the measurements were done in a vacuum
environment inside the SEM chamber. All the perovskite films were coated with a thin
layer of conducting gold (10 nm thickness) film. Figure 3.5 shows the photograph of
Hitachi S-3400N SEM model, which was used for imaging the perovskite films.

Figure 3.5 Photograph of Hitachi S-3400N SEM.
3.3.6

Current-voltage characteristics of solar cells
Current density - voltage (J-V) characteristics of perovskite solar cells were

measured in forward (0 - 1 V, 0.01 V interval, 0.01 sec for each interval) and reverse bias
(1-0 V, 0.01 V interval, 0.01 sec for each interval) using an Agilent 4155C semiconductor
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parameter analyzer, keeping perovskite solar cells under illumination (Xenon arc lamp
with air mas (AM) 1.5 filter, Newport) with a light intensity of ~100 mW/cm2 (AM 1.5).
An NREL calibrated photodetector (S1133-14) was used to calibrate the distance
between Xenon arc lamp and the sample to ensure 100 mW/cm2 light intensity as shown
in figure 3.6. The distance was calibrated to attain an Isc of 1.6386 mA and Voc of 0.651
V. The incident illumination power density at this distance was 100 mW/cm2. The solar
cells were kept at the same distance and position as the photodetector. AM 1.5
illumination was incident on the solar cells through the transparent ITO side. Agilent
4155C semiconductor parameter analyzer was used to perform the current voltage sweep.
Current voltage readings were recorded in illumination conditions. Solar cell parameters
such as Jsc, Voc, FF and efficiency were calculated using the equations explained in
section 2.2.

Xenon Lamp

Reference
Photodiode/
Solar Cell

AM 1.5 Filter

Figure 3.6 Photograph of current voltage measurement setup.
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3.3.7

External quantum efficiency measurement
External quantum efficiency (EQE) was measured using Newport IPCE

measurement kit. In EQE measurement, the solar simulator coupled with a
monochromator (Cornerstone™ 260 1/4 m) was used as the light source shown in figure
3.7. The monochromator consisted of a grating which outputted single wavelength with
an accuracy of 0.35 nm. The wavelength output of monochromator was swept from 350
nm to 800 nm with an interval of 5 nm. The monochromatic light was focused on the
photodiode using two convex lens in series. The device under test was connected to a
lock-in amplifier which provided voltage output to the Agilent 4155C semiconductor
parameter analyzer. Voltage versus time sampling was done for each wavelength which
was synchronized with the Newport IPCE measurement software. EQE measurements
were first recorded for calibrated Hamamatsu (S1133-14) photodiode which served as
reference. Then EQE measurements were done on the fabricated perovskite solar cells.
To calculate the incident photon to electron conversion efficiency, NREL calibrated EQE
values for S1133-14 photodiode were used as a reference.
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Figure 3.7 Photograph of EQE measurement system.
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Chapter 4: Results and Analysis

4.1. Room temperature crystallization of perovskite films
4.1.1. UV-visible and XRD spectra of perovskite films crystallized in air at room
temperature for different time (1, 3, 5, 8 and 10 h) and control sample crystallized by
thermal annealing inside N2 filled glove box.
Figure 4.1a shows the schematic of the planar device structure with the layer stack
ITO/PEDOT:PSS/perovskite nanorods/PC60BM/Rhodamine/Ag. In order to determine
the light absorption in the solar spectrum, UV-visible absorption spectra of the perovskite
films crystallized in air at room temperature for different periods of time and a control
sample that was crystallized by traditional thermal annealing inside N2 filled glove box
were measured. Absorption spectra (figure 4.1b) of perovskite films at different periods
(1, 3, 5, 8, and 10 h) of crystallization in air at room temperature showed increased
absorption intensity with respect to increase in perovskite crystallization until 5 h,
followed by decrease in absorption intensity beyond 5 h and in the control sample. In the
initial hours (1 h and 3 h) of crystallization, the perovskite films showed narrow and
lower intensity absorption, which could be attributed to the presence of intermediate
phase (MAI-PbI2-DMSO).[103] At this stage, the film has not been fully crystallized to
perovskite phase and consists of a mixed intermediate phase and perovskite phase. As the
time of perovskite crystallization in air increases, the absorption intensity increases,
indicating time-dependent crystallization of the perovskite phase. Maximum absorption
intensity of perovskite nanorod films was obtained for 5 h crystallization in air, showing
an optical bandgap ca. 1.5 eV. Perovskite film crystallized for 8 h in air exhibited an
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absorption spectrum close to perovskite nanorod film crystallized for 5 h. However, the
XRD results show a small PbI2 peak, and this indicates decomposition of perovskite
phase, which will be discussed below. The absorption intensity decreased for perovskite
films crystallized for 10 h in ambient air at room temperature, which could be attributed
to further decomposition of single halide perovskite film from moisture present in air. In
order to compare with the control sample, the perovskite film crystallized by thermal
annealing in N2 filled glove box showed lower absorption than 5 h air crystallized film,
suggesting improved perovskite nanorod crystallinity in 5 h air crystallized film. The
deposited film was transparent initially and turned to yellowish brown after being kept in
ambient air at room temperature for one hour. The film color turned darker when kept for
3 h and was fully darkened at the end of 5 h, suggesting complete crystallization of the
perovskite film.

(a)

Ag

Ag

Ag

Rhodamine
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Figure 4.1 (a) Schematic of perovskite solar cells; (b) UV-Vis spectra of perovskite films
crystallized in air at room temperature for different time (1, 3, 5, 8 and 10 h) and control
sample crystallized by thermal annealing inside N2 filled glove box.
To understand the growth of perovskite phase by slow crystallization in air at
room temperature, we performed XRD studies. XRD scans (figure 4.2a) were recorded
for all the films. Figure 4.2b shows the peak intensity for (110) and (220) planes of
perovskite film crystallized for different time (1, 3, 5, 8 and 10 h) and control sample
crystallized by thermal annealing inside N2 filled glove box. Spin coated films in the
initial one hour of air crystallization show weak intensity for the pure perovskite phase
peaks occurring at 14º (110) and 28º (220) degrees, but exhibit intense peaks for
intermediate phase at 6.5, 7.15 and 9.1 degrees, respectively, suggesting crystalline
nature of the intermediate phase in the initial one hour of perovskite crystallization.
However, the crystal structure for peaks corresponding to the intermediate phase is still
not clearly understood; these peak positions have been observed in previous studies and
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were related to formation of an intermediate phase, namely MAI-PbI2-DMSO [62, 103,
104]. As we did not observe any peaks corresponding to PbI2 phase (~12.6º), we
conclude that the deposited perovskite films consist mainly of crystalline intermediate
phases (formed by reaction between PbI2, DMSO and CH3NH3I species), which slowly
transition to perovskite phase in ambient air by removal of DMSO species at room
temperature. The crystallization process of perovskite was further monitored by keeping
the perovskite film for 3 h, 5 h, 8 h, and 10 h in ambient air at room temperature.
Perovskite films exposed for 3 h show crystallization in air as confirmed by the
appearance of intense peaks at 14.1º (110), 28.4º (220) and a small peak at 31.8º (310),
with the intermediate phase peaks significantly suppressed, indicating the escape of
DMSO from the intermediate phase, which led to increase in perovskite crystallization.
The changes in XRD patterns observed by increasing crystallization time were
also reflected in the visual color of film (from light brown at 1 h to further darkening at 3
h and so on). On further keeping the film for 5 h in air, the peaks for intermediate phase
at low angle (5-10º) completely disappear, and the intensity of perovskite phase peaks
including (110), (220) and (310) increase, suggesting enhancement in the crystalline
fraction with increasing air exposure time by complete conversion of crystalline
intermediate phase to perovskite nanorods (figure 5c). However, there was a very slight
presence of PbI2 phase peak at 12.6º for 5 h air crystallized perovskite film, which
indicates the slow start of decomposition of perovskite phase after complete conversion
to perovskite phase in approximately 5 h in air. It was observed from the XRD patterns of
1, 3 and 5 h air crystallized films that the intensity of (110) and (220) and (310) peaks
increased significantly in the first 5 h, suggesting orientation of grain growth in all three
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planes. These perovskite phase peaks correspond to the tetragonal I4cm crystal structure
for highly crystalline single halide perovskite [105, 106]. The (110)/(220) peak intensity
ratio increased in the first 5 hours, suggesting preferential grain growth orientation in the
(110) plane. Grain growth is determined by their surface and interface energy, which
guides the grain growth orientation (lower surface energy planes determines grain
orientation) [107]. Since CH3NH3PbI3 has tetragonal structure that is less symmetric as
compared to its cubic counterpart, there will be a difference in surface energies of
different planes, which could be a reason for the higher intensity of the (110) peak. On
further exposure of perovskite films in ambient air for 8 h and 10 h duration, a new
characteristic peak of PbI2 at 12.6º appeared with a concomitant decrease in the intensity
of major perovskite phase peaks at (110) and (220). This suggests that once the
crystallization to perovskite phase is completed in 5 h, the perovskite film starts
decomposing from continued exposure to moisture in air. The appearance of significant
PbI2 peaks in 8 h and 10 h crystallized films also confirms that there is significantly no
unreacted PbI2 until 5 h, and the presence of PbI2 beyond 5 h air crystallization is
attributed to decomposition of perovskite from moisture in air.
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Figure 4.2 (a) XRD of perovskite films crystallized in air at room temperature for
different time (1, 3, 5, 8 and 10 h) and the control sample crystallized by thermal
annealing; and (b) peak intensity for (110) and (220) planes of perovskite film

59

crystallized for different time (1, 3, 5, 8 and 10 h) and control sample crystallized by
thermal annealing inside N2 filled glove box.
After carefully investigating the crystallization process of perovskite films in
ambient air in comparison with the control sample obtained from thermal annealing in
inert atmosphere, one question that still remains to be answered is moisture’s role in
complete crystallization of single halide perovskite in ambient air. In order to find the
role of moisture in perovskite crystallization, we conducted an experiment where we
crystallize spin coated perovskite film in oxygen and nitrogen ambient with very little
moisture for the optimized duration of 5 h. Figure 4.3 shows the presence of intermediate
phase between 5-10 degree in the XRD spectra at the end of 5 h crystallization in oxygen
and nitrogen atmosphere, suggesting no role of oxygen or nitrogen in perovskite
crystallization. It thus proves that moisture in air is assisting perovskite crystallization.
Crystallization of perovskite phase is assisted by interdiffusion of precursor elements in
the deposited film. In the case of crystallization by thermal annealing, the solvent species
(DMSO) from the intermediate phase is quickly removed, allowing little time for
interdiffusion of PbI2 and CH3NH3I, thus restricting the long-range crystalline order in
the film, which reduces the overall crystallinity. During slow crystallization of perovskite
film in ambient air, our study demonstrates that there is sufficient time for interdiffusion
of precursor elements to react and form crystalline perovskite. The slow perovskite
crystallization reaction in ambient air is assisted by the presence of airborne moisture,
leading to improved crystallinity. The DMSO intermediate phase as observed in our XRD
spectrum and also described in the literature [62, 103] was converted to crystalline
perovskite phase by thermal annealing at 100 ºC (similar findings were observed in our

60

annealed perovskite film), but in our study we observed that DMSO based intermediate
phase conversion happens slowly at room temperature in ambient air. This leads us to the
conclusion that moisture in air plays a role in removing DMSO phase at room
temperature.

(110)

Crystalline Intermediate phase peaks
were observed between 5-10 degree
for perovskite film crystallized in both
Oxygen and Nitrogen ambient
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Figure 4.3 XRD spectrum of perovskite films crystallized in oxygen ambient and
nitrogen ambient for 5 h.
Recently, there have been reports on the formation of water-based intermediate
phases such as colorless monohydrate ((CH3NH3)PbI3.H2O) and light yellow di-hydrate
((CH3NH3)4PbI6.2H2O) of CH3NH3PbI3 perovskites [64, 106, 108-113]. It was reported
that perovskite forms water-based colorless monohydrate intermediate phase, which
crystallizes quickly to crystalline perovskite (CH3NH3PbI3) by losing water at room
temperature. Apart from monohydrate intermediate formation, it is also well known that
DMSO is highly miscible in water. Based on these facts, we hypothesize that DMSO
from an intermediate phase (MAI-PbI2-DMSO) escapes by either solubilizing in water
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from atmospheric moisture or the water lost from monohydrate intermediate at room
temperature. Room temperature crystallization in air involves removal of DMSO-based
intermediate phase by solubilization of DMSO in atmospheric moisture. Previous reports
showed the PbI2 exists in form of [PbI6]4- octahedral layers[103]. CH3NH3I and DMSO
constituents are intercalated between these octahedral layers forming MAI-PbI2-DMSO
intermediate phase [62, 103]. The DMSO escapes from the intermediate complex by
solubilizing in water obtained from atmospheric moisture, leading to immediate
crystallization to pure perovskite phase, as shown from schematic in figure 4.4a. Figure
4.4b shows the schematic for the crystallization of perovskite from small elongated
features (1 h in air) to large perovskite nanorods at the end of 5 h crystallization in
ambient air. This will be confirmed by the AFM measurements discussed below.
(a)
PbI2

MAI
DMSO

+

+H2O
-DMSO

H2O

(b)

1 h in air

3 h in air

5 h in air

Figure 4.4 Schematic showing (a) release of DMSO from the layered PbI2 octahedral
structure to crystallize in perovskite nanorod film and (b) change in perovskite
morphology with varying crystallization time in air (1, 3 and 5 h).
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4.1.2. AFM, SEM surface topography and KPFM images of perovskite films crystallized
in air at room temperature for different time (1, 3, 5, 8 and 10 h) and control sample
crystallized by thermal annealing inside N2 filled glove box.
In order to determine perovskite interfacial morphology and surface potential of
the film, we performed topography and Kelvin probe force microscopy (KPFM) imaging
measurements. Figures 4.5a-f show topography and the corresponding KPFM images in
figures 4.5(g-l) of the perovskite films crystallized by keeping the deposited film for 1, 3,
5, 8 and 10 h in ambient air at room temperature and the control sample crystallized by
thermal annealing inside glove box. Topography and KPFM images of the films were
recorded simultaneously. As seen from the topography images, the perovskite films in the
initial one hour are comprised of dense small grains of perovskite with short elongated
features. As time goes on, small features expand into more visible elongated shapes. At 5
h of air exposure, large perovskite nanorod features are formed. The nanorod features
formed in 5 h air exposure were randomly aligned on the surface of the films with
varying dimension (length × diameter). The morphological features in 8 and 10 h films
are disordered, which could be attributed to decomposition of crystalline perovskite
nanorods from moisture in air. This decomposition of pure perovskite nanorod phase
crystals is also reflected in XRD peaks (figure 4.3a) of 8 and 10 h samples, where the
intensity of perovskite phase peaks at 14º and 28º is reduced and a small peak at 12.65º
appears indicating presence of PbI2. Root mean square roughness of the films increased
for 5 h air crystallized sample (figure 4.5a) in comparison to 1 h samples (figure 4.5c).
This could be attributed to volume expansion in the 5 h air crystallized film. The 5 h air
crystallized films show nanorod shapes with average length of 811 nm and average

63

diameter of 210 nm, whereas thermally annealed films exhibit particle shape with an
average particle size of 103 nm. Therefore, the ambient air crystallized films formed
nanorods with an aspect ratio of ~3.8. The dimensions of perovskite features were
calculated by averaging 20 particles obtained from the topography image. The
morphology of perovskite film crystallized in air for several hours and control sample
was also confirmed by scanning electron microscope (SEM) images shown in figure 4.6.
The morphology evolution as seen from SEM images are in good agreement with
topography images shown in figure 4.5(a-f).
(a)

RMS:20.1nm

(g)

1 h in air

1 h in air

(b)

(h)

RMS:17.5 nm

3 h in air
(c)

5 h in air

3 h in air
RMS:24.4nm

(i)

5 h in air
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(d)
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RMS:22.9nm

10 h in air
(f)

RMS:13.3nm

Control sample

(j)

8 h in air
(k)

10 h in air
(l)

Control sample

Figure 4.5 Topography (a-f) and KFM images (g-l) of perovskite films crystallized in air
for 1, 3, 5, 8, 10 h and control sample crystallized by thermal annealing.
Figure 4.6, shows time dependent morphology evolution for perovskite film
crystallized in ambient air and control sample crystallized by thermal annealing. SEM
images clearly shows the evolution in air growth perovskite morphology till first 5 h
leading to rod shape perovskite features. Beyond 5 h the rod shaped morphology were not
distinctly clear, indicating degradation of perovskite nanorod features (figure 4.6 d,e).
The 5 h air crystallized perovskite film showed pin-hole free morphology (figure 4.6c),
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suggesting volume expansion of nanorod features to form dense and compact film.
Thermally annealed control sample showed small features with lot of pin holes (figure
4.6f).
(a)

1 h in air

(b)

(c)

5 h in air

(d)

(e)

10 h in air

(f)

3 h in air

8 h in air

Control sample

Figure 4.6 Scanning electron microscope (SEM) images (a-f) of perovskite films
crystallized in air for 1, 3, 5, 8, 10 h and control sample crystallized by thermal
annealing.
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KPFM is a method where a conductive tip is used as a kelvin probe to measure
surface potential or contact potential difference (CPD) in non-contact mode. The surface
potential variation depends on the material phase present in the film. In our study, we
investigated the variation in surface potential across the film, which varied for the
perovskite intermediate phase, perovskite grain, grain boundaries and for the presence of
PbI2 phase which appears after decomposition of perovskite. During the crystallization
process of perovskite and its following decomposition, various material phases appear
which will have different surface potential in the film leading to different magnitude of
variation in surface potential across the film. Figure 4.7 shows distribution vs. surface
potential plots for perovskite films crystallized in air for 1, 3, 5, 8, 10 h and control
sample films crystallized by thermal annealing in inert atmosphere. All the plots had a
qualitatively similar nature of distribution curve, with varying FWHM. A low FWHM for
5 h air crystallized perovskite film (having higher average surface potential of -0.25 V)
compared to thermal annealed control film (having lower average surface potential of 0.32 V) indicates that 5 h air crystallized films have less variation in surface potential
across the film suggesting higher purity perovskite phase. A higher surface potential for 5
h air crystallized film also indicates reduced defects (trap center for electrons) at
perovskite film surface, which mostly occurs as dangling bonds originating due to
exposure of iodine atoms in perovskite film.[67] The thermal annealed film showed
larger variation in surface potential distribution. Annealing perovskite films at 100 ºC can
also lead to decomposition of perovskite by the escape of CH3NH3I from the film, which
might cause large variation in surface potential across the annealed film. Variation in
surface potential distribution could also be attributed to the difference in surface potential
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at grains and grain boundaries in the films. The 5 h air crystallized films showed large
nanorod features suggesting a smaller population of grain boundaries and therefore
higher average surface potential (-0.25 V) in comparison to thermal annealed perovskite
film that is comprised of a larger number of grain boundaries causing lower average
surface potential (-0.32 V).
20
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10 h in air
control sample
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Figure 4.7 Distribution vs. surface potential curves obtained from KPFM images of
perovskite films crystallized in air for 1, 3, 5, 8, 10 h and the control sample made by
thermal annealing.
Further, comparing the KPFM images of air crystallized films at different
intervals of time in figure 4.5(g-k) and the control sample of thermal annealed perovskite
film (figure 4.5l), we observed a change in average surface potential across the surface.
In the initial one hour of crystallization in air at room temperature, the film is composed
of majority crystalline intermediate phase, a portion of which starts converting to
perovskite, showing low average surface potential distribution of -0.36 V. At the end of 3
h, the perovskite sample has a mixed phase of perovskite and intermediate complex,
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which results in slightly lower average surface potential (-0.43 V) across the film. After 5
h of crystallization in air, the perovskite phase is crystallized, resulting in higher average
surface potential of -0.25 V across the film. Beyond 5 h crystallization in air at room
temperature, the perovskite phase decomposed and caused new material phase (PbI2) to
appear on the perovskite surface, resulting in a change in surface potential distribution
thus having lower average surface potential of -0.38 V after 8 h crystallization. The
decrease in average surface potential could be attributed from higher contact potential
difference [CPD = (Φtip - Φsample)/e], arising from presence of PbI2 which has low-lying
valence band compared to perovskite. At the end of 10 h crystallization in air, even more
PbI2 phase starts appearing as confirmed by XRD spectra (figure 4.2a) causing further
slight reduction in average surface potential (-0.39 V) relative to the 8 h film, which
could be attributed to increase in mixed phase of PbI2 and perovskite in the film. On
comparison with annealed perovskite film, we found that morphology of annealed
perovskite film (figure 4.5f) consists of small nanoparticle-like features, which is quite
different from the nanorod morphology of the 5 h air crystallized film (figure 4.5c).
However, annealed film showed average surface potential of -0.32 V (figure 5l),
suggesting nearly same material phase (crystalline perovskite) across the surface, but
with smaller grain size and low crystallinity.
4.1.3. Current density - voltage characteristics of perovskite films crystallized in air at
room temperature for different time (1, 3, 5, 8 and 10 h) and control sample crystallized
by thermal annealing inside N2 filled glove box.
All the above performed measurements (e.g., UV-Vis, XRD, topography and
KPFM) convey a consistent picture of the morphology evolution. These data support the

69

following mechanism of perovskite crystallization in ambient air at room temperature:
immediately after spin coating of precursor solution inside the glove box, the transparent
film consists entirely of intermediate phase, which slowly crystallizes into pure
crystalline perovskite phase upon exposure in ambient air at room temperature for 5 h.
Beyond 5 h, the perovskite film shows irreversible degradation due to moisture where
perovskite phase decomposes and PbI2 phase starts appearing.
Air processed perovskite films crystallized for different time interval were used
for device fabrication, and their performance was compared with annealed perovskite
films as control sample devices. J-V curves of all devices and a table of individual device
parameters are shown in figure 4.8a and table 4.1. All J-V characteristics were recorded
at a scan rate of 1 V/s with step of 0.01 V in both forward and reverse directions. Device
parameters including short circuit current density (Jsc), open circuit voltage (Voc), fill
factor (FF) and power conversion efficiency (ƞ%) showed a maximum when room
temperature air crystallization time was increased to 5 h with a Jsc as 23.98 mA/cm2, Voc
of 0.95, FF of 73.91% and PCE of 16.83%. The devices made from perovskite films aged
for 8 and 10 h showed decrease in device performance. This decrease is well understood
with perovskite film decomposition happening beyond 5 h crystallization in air.
Decomposition can decrease light absorption and Jsc, increase series resistance with
reduced FF, and thus decrease overall PCE. In addition, the control sample devices made
from annealed perovskite films showed a PCE of 11.94%, which is much lower than the
5 h air crystallized sample. The relatively lower performance could be attributed to
reduced crystallization and increased recombination driven by the large number of grain
boundaries present in the thermally annealed perovskite film [62, 114]. 5 h air
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crystallized perovskite film-based devices showed minimal hysteresis in forward and
backward scans as shown in figure 4.8b, giving an average PCE of 16.22%. However, a
significant hysteresis was observed in annealed perovskite film-based devices, which led
to a difference (10.63% forward vs 11.94% reversed) in device efficiency in forward and
backward scans. Annealed perovskite films are comprised of smaller grains with a large
number of grain boundaries, which will act as charge recombination centers due to defect
and trap states present at grain boundaries and reduce device performance. We performed
stabilized photocurrent measurements with a function of time at maximum power point at
~ 0.73 V for our 5 h air crystallized perovskite film based device (figure 4.8c). A
stabilized photocurrent density of ~21.5 mA/cm2 was observed for 120 seconds, showing
a stabilized efficiency of ~15.69%. A histogram showing variation in average efficiency
for 30 solar cells is shown in figure 4.8d for the 5-hour air crystallized perovskite film
(average efficiency at 14.5%) and annealed perovskite film as control sample (average
efficiency at 10.3%). Table 4.1 lists individual device parameters under AM1.5 solar
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simulator illuminated condition for all sets of devices in both forward and reverse scans.
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Figure 4.8 (a) Reverse scan J-V curves for cells made from perovskite films crystallized
in air for 1, 3, 5, 8, 10 h and the control sample by annealing, (b) forward and reverse
scan of highest performing device at 5 h air devices and control sample, (c) Photocurrent
density vs time measured at maximum power point for highest performing 5 h air
crystallized perovskite film based device, and (d) histogram of device efficiencies
obtained from 5 h air crystallized perovskite films and control samples.
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Table 4.1. Forward and reverse scan photovoltaic parameters for perovskite solar cells
made under different conditions and the control sample.
Sample

Jsc
(mA/cm2)

Voc
(V)

FF
(%)

PCE
(%)

Average
PCE (%)

1 h in air-Forward
1 h in air-Reverse

2.84
3.18

0.93
0.86

43.85
45.96

1.16
1.25

1.2

3 h in air-Forward
3 h in air-Reverse

13.2
13.58

0.96
0.91

51.9
52.32

6.58
6.46

6.52

5 h in air-Forward

23.89

0.95

68.77

15.61

16.22

5 h in air-Reverse

23.98

0.95

73.91

16.83

8 h in air-Forward
8 h in air-Reverse

20.6
21.2

0.96
0.97

59.8
63.29

11.85
13.03

12.44

10 h in air-Forward
10 h in air-Reverse

16.9
17.9

0.94
0.94

57.3
61

9.13
10.29

9.71

Control sample-Forward
Control sample-Reverse

19.0
19.1

0.85
0.85

65.71
73.41

10.63
11.94

11.28

Figure 4.9 shows incident photon to current conversion efficiency (IPCE) spectra
of devices made by 5 h air crystallized perovskite film and annealed perovskite film as
control sample. It was observed that 5 h air crystallized film based device showed higher
IPCE than control sample, which was consistent with the higher Jsc for 5 h air crystallized
based device. The IPCE of thermal annealed film (control sample) based device showed
lower IPCE across the absorption spectrum. The integrated Jsc from IPCE measurements
were 21.23 mA/cm2 and 18.88 mA/cm2 for 5 h air crystallized film and control sample
based devices. The integrated current densities were ~ 10% of the current densities
obtained from illuminated J-V measurements and were therefore in close agreement with
each other.
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Figure 4.9 IPCE (%) vs wavelength spectra for devices made from 5 h air crystallized
perovskite film and control sample (annealed perovskite film).

4.2. Slowing the crystallization of perovskite film at room temperature.
Room temperature crystallization of perovskite film was further retarded by
slowing down the room temperature crystallization of perovskite film. In order to slow
down the crystallization from ambient humidity, the spin coated perovskite film were
first kept in nitrogen (N2) ambient for several hours (1 h, 2 h, 3 h) followed by ambient
air exposure having 40% RH for 5 h. By keeping the perovskite film initially in a N2
ambient having very little moisture will slow down the crystallization process of
perovskite film, which when kept further in ambient humidity led to formation of
perovskite phase. The slow grown perovskite films were characterized for their optical
absorption, XRD and topography. The slow grown films were used in fabricating planar
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p-i-n devices and their device performance was compared with 5 h air grown samples and
control samples.
4.2.1 UV-visible and XRD spectrum of perovskite film crystallized in nitrogen + air
ambient for different hours, 5 h air crystallized film and control sample.
Figure 4.10 shows UV-vis optical spectrum of perovskite films across visible and
near-infrared region of electromagnetic spectrum. All the slow grown perovskite films
showed nearly similar absorption profile which were little low in absorption intensity,
compared to absorption profile for 5 h air crystallized sample and control sample.
Perovskite film grown only for 5 h in air showed highest absorption intensity among all
the films.
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Figure 4.10 UV-Vis spectra of perovskite films crystallized slowly by keeping first
keeping in N2 ambient for 1, 2, 3 h followed by 5 h in ambient air, at room temperature
for 5 h in ambient air and control sample crystallized by thermal annealing inside N2
filled glove box.
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In order to understand the crystallization phase of perovskite films at the end of
their growth, the XRD spectrum were recorded for each perovskite film crystallized in
nitrogen+air ambient and compared it with 5 h air crystallized film and control sample.
XRD spectrum (figure 4.11) shows that all the perovskite films shows characteristic
perovskite peak at 14º (110) and 28º (220) degrees, without any intermediate phase peaks
at low angle (5-10 degrees), suggesting crystalline nature of perovskite films. There was
no presence of PbI2 peaks at ~12.5° in all the films, suggesting complete conversion to
perovskite phase. All the perovskite films were deposited with same thickness and on the
same underlying substrate (PEDOT:PSS coated on top of ITO/glass substrate).
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Figure 4.11 XRD spectra of perovskite films crystallized slowly by keeping first keeping
in N2 ambient for 1, 2, 3 h followed by 5 h in ambient air, at room temperature for 5 h in
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ambient air and control sample crystallized by thermal annealing inside N2 filled glove
box.
4.2.2. AFM surface topography images of perovskite film crystallized in nitrogen + air
ambient for different hours, 5 h air crystallized film and control sample.
In order to determine perovskite surface morphology surface topography
measurements were performed for each films immediately after the crystallization was
complete. Figure 4.12 shows the surface morphology of perovskite films for each
perovskite film crystallized in N2 + air ambient and compared it with 5 h air crystallized
film and control sample.

(a)

1 h N2 + 5 h Air

(b) 2 h N2 + 5 h Air

RMS 29.6
nm

RMS 16.1 nm

(d)

RMS 24.4 nm

(c) 3 h N2 + 5 h Air

5 h Air

RMS 36.5 nm

(e)

Control sample

RMS 13.3 nm

Figure 4.12 Topography images of perovskite films crystallized: (a, b, c) slowly by
keeping first keeping in N2 ambient for 1, 2, 3 h followed by 5 h in ambient air, (d) at
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room temperature for 5 h in ambient air and (e) control sample crystallized by thermal
annealing inside N2 filled glove box.
As observed from the topography images, the perovskite film crystallized by
keeping the film for 1 h in N2 +5 h in air, showed sharp and smooth fine elongated
features across the film with a roughness of 16.1 nm. On keeping the film for 2 h in N2
+5 h in air and 3 h in N2 +5 h in air, the morphology appeared distorted with broken
crystals with lot of small pin-hole defects. The roughness of the film was also seen to be
increased to 29.6 nm and 36.5 nm for the 2 h in N2 +5 h in air and 3 h in N2 +5 h in air
crystallized films. The 5 h air crystallized and control sample perovskite film showed
nanorod and nanoparticle shaped morphology as discussed in section 4.1.2.
4.2.3. Current density – voltage (J-V) characteristics of perovskite film crystallized in
nitrogen + air ambient for different hours, 5 h air crystallized film and control sample.
Perovskite films crystallized in nitrogen + air ambient for different hours were
used for planar p-i-n device fabrication, and their performance was compared with 5 h air
grown sample and control sample based perovskite devices. J-V curves of all devices and
a table of individual device parameters are shown in figure 4.13a and table 4.2. All J-V
characteristics were recorded at a scan rate of 1 V/s with step of 0.01 V in both forward
and reverse directions. The slow grown perovskite samples showed best power
conversion efficiency (ƞ%) of 14.16% with a high Jsc of 18.89 mA/cm2, Voc of 1.01 V, fill
factor of 74.24% for 1 h N2 +5 h air crystallized perovskite films. The performance of 1 h
N2 +5 h air crystallized perovskite film based device was higher than control sample
based device and comparable to 5 h air crystallized perovskite film based device. The
improved performance for 1 h N2 +5 h air crystallized perovskite film could be attributed
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to smooth and large elongated shaped morphology which was similar to 5 h air grown
samples, which facilitated efficient charge transfer across the film. Devices made from
perovskite film crystalized for 1 h N2 +5 h air showed almost no hysteresis in forward
and backward scans as shown in figure 4.13b. However, a significant hysteresis was
observed in control sample and 5 h air crystallized perovskite film based devices in
forward and backward scans. A histogram showing variation in average efficiency for 10
solar cells for 1 h in N2 +5 h in air, 5 h air and control sample based device is shown in
figure 4.13c. It was seen that control sample based devices gave an average device
efficiency of 9.2%, 5 h air grown sample based device showed average efficiency of
12.2% and devices prepared from perovskite film crystallized for 1 h in N2 +5 h in air
showed an average device efficiency of 12.8%. Table 4.2 lists individual device
parameters under AM1.5 solar simulator illuminated condition for all sets of devices in
both forward and reverse scans.
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Figure 4.13 (a) Reverse scan J-V curves for cells made from perovskite films crystallized
in 1, 2, 3 h in N2 +5 h in air, 5 h air and control sample, (b) forward and reverse scan of 1
h in N2 +5 h in air, 5 h air and control sample based device, (c) histogram of device
efficiencies obtained from 1 h in N2 +5 h in air, 5 h air and control sample based device,
and (d) table showing average device efficiency among 10 devices for 1 h in N2 +5 h in
air, 5 h air and control sample based devices.

80

Table 4.2. Table showing individual device parameters for 1, 2, 3 h in N2 +5 h in air, 5 h
air and control sample based device in both forward and reverse scans.

Sample

Voc
Jsc
2
(mA/cm )
(V)

FF

PCE

Average

(%)

(%)

PCE (%)

1h N2+5h air-Forward

18.73

1

69.6

13.03

1h N2+5h air -Reverse

18.89

1.01

74.24

14.16

2h N2+5h air -Forward

17.84

1.01

61.4

11.06

2h N2+5h air -Reverse

17.99

1.03

64.27

11.91

3h N2+5h air -Forward

16.37

0.99

47.74

7.74

3h N2+5h air -Reverse

16.77

0.99

54.48

9.04

5 h in air-Forward

21.05

0.97

66.77

13.63

5 h in air-Reverse

21.63

0.99

66.63

14.27

Control sample - Forward

17.3

0.92

61.0

9.76

Control sample - Reverse

17.7

0.92

69.18

11.31

13.6

11.48

8.39

13.95

10.53
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4.3. Effects of water as co-solvent in precursor solution on the crystallization of
perovskite film and device performance
Water has been proven detrimental to perovskite film as perovskite is soluble in
water and causes instant decomposition to perovskite film. The precursors used in
preparation of perovskite film is mostly anhydrous, but due to improper handling and
exposure to moisture, the precursor salts hydrates which may cause change in
crystallization of perovskite. The present study investigate the impact of water
concentration in perovskite precursor solution on the perovskite film formation and
planar p-i-n device performance.
4.3.1. UV-Visible and XRD spectrum of perovskite film made from varying H2O
concentration in precursor solution.
Perovskite films prepared from different concentration of water co-solvent in
precursor solution was characterized for their UV-Vis optical absorption. Figure 4.14
shows the optical absorption of perovskite films prepared by keeping water concentration
as 1, 2, 3, 4 % (figure 4.14a) and by keeping water concentration as 5, 10, 15, 20, 25 %
(figure 4.14b). The optical absorption profile of water assisted crystallized perovskite
film were compared with perovskite film prepared without water. The absorption profile
for all the perovskite films prepared by different concentration of water as co-solvent in
the mixture of GBL and DMSO, showed nearly similar absorption range in visible and
near infrared region (NIR), with close absorption intensity for all the films including
perovskite film prepared without water. This suggest that water assisted crystallization
led to complete conversion of perovskite phase.
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Figure 4.14 UV-Visible optical absorption spectra of perovskite film prepared from
different H2O concentration (0, 1, 2, 3, 4, 5, 10, 15, 20, 25 vol.%) added as co-solvent in
precursor solution.
In order to understand the crystallization to pure perovskite phase, XRD
measurements were performed for all the perovskite film prepared with different
concentration of water as co-solvent and films prepared without adding water. Figure
4.15 shows the XRD spectrum of all the perovskite films with different concentration of
water and perovskite film prepared without water. It was observed that all the films
showed complete crystallization to perovskite phase which was attributed from the
presence of characteristic perovskite phase peaks at 14°, 28° and 31.5°, corresponding to
(110), (220) and (310) planes. Upon observation of XRD spectrum, it was seen that there
was no low angle peaks between 5-10 degrees, suggesting complete conversion to pure
perovskite phase with no intermediate phase (CH3NH3I-DMSO-PbI2) peaks present in the
spectrum. There was no decomposition of perovskite phase seen which was attributed to
absence of PbI2 peak at ~12.5° in all the spectrums. This suggests that addition of water
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does not have any role in degradation of perovskite phase, but rather helps in
crystallization of pure perovskite phase.
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Figure 4.15 XRD spectrum of perovskite film prepared from different H2O concentration
(0, 1, 2, 3, 4, 5, 10, 15, 20, 25 vol.%) added as co-solvent in precursor solution.
4.3.2. AFM topography and SEM images of perovskite film made from varying H2O
concentration in precursor solution.
Surface morphology studies were performed for all the perovskite film prepared
with different concentration of water as co-solvent and films prepared without adding
water. Figure 4.16 shows the AFM topography and its corresponding SEM images of all
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the perovskite films with different concentration of water and perovskite film prepared
without water.
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Figure 4.16 AFM topography and corresponding SEM images of perovskite film
prepared from different H2O concentration (0, 1, 2, 3, 4, 5, 10, 15, 20, 25 vol.%) added as
co-solvent in precursor solution.
It was observed that with increasing addition of water in precursor solvent, the
perovskite film roughness was seen to decrease, leading to smoother film, which was also
confirmed from the SEM images, which clearly shows the reduction in grain size on
addition of water, resulting in a smooth and dense film. No significant differences in fine
morphological features were observed in all perovskite films.
4.3.3. Current density–voltage (J-V) characteristics of perovskite film made from varying
H2O concentration in precursor solution.
The perovskite film prepared using water as co-solvent and without adding water
in a solvent mixture of GBL and DMSO were used for making solar cell devices. Figure
4.17 shows J-V curves for devices made from perovskite film prepared using water and
without adding water. It was observed that the device made from perovskite film
prepared without adding showed least device performance of PCE 9.97%. Devices made
from perovskite film prepared by adding water in the precursor solution enhance the
device performance with best device performance given by perovskite film prepared
using 3% H2O, resulting a best PCE of 14.19%. Table 4.3 list down individual device
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parameters in forward and reverse bias for all the perovskite based device prepared with
and without adding water. It was observed that addition of water resulted in improvement
in fill factor of devices which could be attributed to smooth film formation for perovskite
film prepared by adding water as co-solvent. The results from J-V characteristic curve of
all the devices shows that addition of water in the precursor solution up to 25% does not
significantly impact the device performance, rather it enhances the device performance
by creating a defect free smooth perovskite film.
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Figure 4.17 Reverse J-V scans devices made from perovskite film prepared from
different H2O concentration (0, 1, 2, 3, 4, 5, 10, 15, 20, 25 vol.%) added as co-solvent in
precursor solution.
Table 4.3 Table showing individual device parameters obtained in forward and reverse JV scans for devices made from perovskite film prepared from different H2O
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concentration (0, 1, 2, 3, 4, 5, 10, 15, 20, 25 vol.%) added as co-solvent in precursor
solution.

FF

PCE
(%)

Average
PCE
(%)

0.92

0.61

10.19

10.08

17.62

0.93

0.61

9.97

1% H2O-Forward

16.25

0.92

0.64

9.57

1% H2O-Reverse

16.33

0.93

0.77

11.71

2% H2O-Forward

18.25

0.9

0.68

11.12

2% H2O-Reverse

18.31

0.91

0.68

11.31

3% H2O-Forward

20.83

0.9

0.69

12.87

3% H2O-Reverse

21.06

0.91

0.74

14.19

4% H2O-Forward

18.54

0.87

0.62

10.01

4% H2O-Reverse

18.60

0.89

0.66

10.86

5% H2O- Forward

18.18

0.85

0.68

10.52

5% H2O- Reverse

18.58

0.86

0.77

12.27

10% H2O-Forward

18.95

0.86

0.61

9.98

10% H2O-Reverse

19.23

0.87

0.69

11.51

15% H2O-Forward

19.59

0.86

0.65

10.92

15% H2O-Reverse

19.79

0.87

0.70

12.03

20% H2O-Forward

19.33

0.87

0.67

11.34

20% H2O- Reverse

19.38

0.87

0.70

11.76

25% H2O-Forward

18.87

0.88

0.71

11.84

25% H2O-Reverse

19.04

0.89

0.77

13.08

Sample

Jsc
(mA/cm2)

Voc
(V)

0% H2O-Forward

18.17

0% H2O-Reverse

10.64

11.21

13.53

10.43

11.39

10.74

11.47

11.55

12.46
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Chapter 5: Conclusions
5.1 Summary
Due to increasing demand for energy, carbon dioxide emission and depletion of
fossil fuel resources, there is a need for renewable and clean energy sources. Solar energy
has become a potential alternative source of energy due to its abundance and negligible
environmental impacts. Solar cells which convert sunlight to electrical energy provide a
promising approach to harness the solar energy. However, the contribution of solar cells
to the current energy production remains limited owing to the high manufacturing cost of
crystalline silicon solar cells. Due to the low cost advantages and high efficiency,
perovskite solar cells have generated wide interest as a potential replacement for silicon
solar cells. But due to their instability from moisture and toxic composition, they have
shown poor long term stability thus restricting commercialization on a wide scale.
Rapid progress in improvement of organic-inorganic hybrid perovskite solar cells
has led to photovoltaic efficiencies up to ~22%, which is closing to silicon based solar
cell. Several different strategies has been adopted towards improving the performance of
perovskite solar cells among which the role of moisture in decomposition of perovskite or
facilitating the perovskite crystallization process have been explored and is the most
significant. Different approach towards crystallization has been explored among which
room temperature crystallization of perovskite film has been explored but all the reported
methods involve complex processing steps, which makes the whole film forming process
costly.
A detailed fundamental understanding of perovskite crystallization is required to
understand the film formation process such as solvent-precursor induced intermediate
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phase formation, crystallization process from intermediate phase to perovskite phase,
factor such as moisture, crystallization time and rate. The goal of this dissertation was to
successfully crystallize perovskite solar cell in ambient atmosphere at room temperature
and use it to fabricate efficient perovskite solar cells. The role of moisture and water as
co-solvent was understood by studying the crystallization process of perovskite. Finally
the impact of water was studied on perovskite device performance.
The mechanism of charge generation and transport in perovskite solar cells occurs
as follows: (1) light absorption by perovskite layer to generate free electron and holes, (2)
diffusion of charge carriers (free electrons and holes) to respective charge transport
layers, (3) free electrons and holes are collected at cathode and anode respectively. Two
different device configuration has been adopted for perovskite solar cells, namely p-i-n
and n-i-p. The n-i-p based device structure was adopted from DSSC and has been widely
used till yet for fabricating perovskite solar cell. The n-i-p structure contains mesoporous
titanium dioxide as n-type layer and small molecule spiro-OMeTAD or polymers as hole
transport layer, with perovskite layer sandwiched between it. On the contrary p-i-n based
architecture was adopted from polymer solar cell device structure where is perovskite is
sandwiched between PEDOT:PSS hole transport layer and n-type PCBM layer. The p-i-n
device structure is planar and is easy to process as it involves low temperature solution
processing of all the layers, thus making the overall fabrication simple and cost-effective.
Perovskite crystallization is widely carried out by thermal annealing the spin–coated
perovskite film at ~100 °C inside a N2 filled glove box. Alternative crystallization route
has been reported where solvent treatment, addition of additive has led to formation of
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pure perovskite phase, but all this method required complex processing steps, making the
whole process complex.
Room temperature crystallization of perovskite was studied by first keeping the
spin coated perovskite film in ambient air for several hours and the crystallization process
was monitored with time in ambient humidity of 40% RH. Crystallization of perovskite
film was studied by optical absorption, XRD and KPFM. Role of intermediate phase in
improving the perovskite morphology was studied. Further the crystallization rate was
further slowed down in order to improve the morphology and quality of perovskite film,
by growing the film in nitrogen ambient followed by exposure to ambient air having 40%
RH. Slow grown films were monitored with optical absorption, XRD and AFM and were
further studied for their device performance. With these experiments it was understood
that moisture plays an important role in improving the perovskite film quality. Further the
impact of water was studied on the perovskite film formation process. Water as directly
used as co-solvent along with GBL and DMSO, whose concentration was varied from 1%
to 25%. Perovskite films were studied for the structural and morphological features and
were related with final device performance.
5.2 Conclusions
A unique crystalline organometal halide perovskite film composed of nanorod
shaped features was obtained by simply crystallizing films completely in ambient air at
room temperature. The crystallization processes begin with the formation of DMSObased intermediate phase that converts to crystalline perovskite phase in ambient air at
room temperature over a period of 5 hours. The growth phase of perovskite films in
ambient air at room temperature and its decomposition were studied in detail using UV-
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Vis, SPM, and XRD. Morphology evolution from small elongated features to large
nanorods was observed by slowly crystallizing the perovskite film in ambient air for up to
5 h. Device performance was measured, revealing 5 hour crystallized perovskite nanorod
film with a champion PCE of 16.83%, which is much higher than the champion PCE of
11.94% for traditional thermal annealed perovskite film as control sample. On further
retarding down the perovskite crystallization rate it was observed that the perovskite film
quality improved resulting in reduced J-V hysteresis. On understanding the role of water
as direct precursor solvent, it was observed that on addition of water in the precursor
solution the perovskite film quality improves leading to enhanced power conversion
efficiency as compared to control sample prepared without adding water in the solvent
mixture. It was concluded that addition of up to 25 vol. % water in the precursor solution
does not significantly impact the device performance. This study of simple room
temperature, ambient air crystallization of perovskite films and the impact of water
content on the crystallization of perovskite film paves the path for fabrication of low cost
and efficient perovskite solar cells on flexible substrates.
5.3 Future work
Further work on understanding the effect of humidity levels in atmosphere on the
crystallization of perovskite film can be studied. A detailed understanding on the effect of
moisture on nanoscale grain boundaries needs to be studied to understand the effect of
moisture on the electrical characteristic of perovskite film. A deeper understanding on the
role of water in improving the perovskite film morphology needs to be done with respect
to crystallization behavior of precursor elements.
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